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A development program has been conducted - to further 

develop a GeneralfElectric oxygen sensor utilizing the fuel 

cell principal of operation. The total weight of this sensor 

is 1.0 pound, while its volume is 15 cubic inches. The 

program objectives are outlined in NASA Contract NASA-9-1300. 

The work completed under this contract included conceptual 

studies, development testing; and the design, fabrication, 

and checkout of two prototype oxygen sensors. 

As a result of this effort an oxygen sensor was developed 

which has a normal operating life of 30 days. The sensor 

has a useful range of 10 mm Kg to-760 nun Hg p02, with an 

accuracy of 25%. The sensor output voltage is essentially 

zero at zero oxygen partial pressure, and increases linearly 

with oxygen partial pressure in the sample atmosphere. 

The sensor output voltage at any given partial pressure 

of oxygen (pop) increases about lW/oF. This thermal effect 

is compensated for by a thermistor network to provide an 

output which varies less than 2 3 . 6 %  over a temperature 

range of 35 to llO°F. Humidity has shown little affect on 

the sensor o u t p u t  s i gna l  between 20-80% relative humidity. 



However, above - 80% relptive - humidity the output voltage decreases; 

and below 20% relative humidity the output - voltage increases. 

The detailed results of the test program are presented in 

Section III of this report. A tabulated summary of these 

results and the requirements specified in the NASA work state- 

m n t  are shown in Table I below,: 



- 

TEST 

Endurance 

Temperature 
Compensation 
35 - llO°F 

Response Time 

Humidity 

Accuracy 

Linearity 

Range 

TABLE 1 

REQUIREMENT - 

30 Days 

3 - 5 secs. 

0 - 100% 

+ 3% full scale - 

. - 
RESULT 

30 Days 

- - 

3.6% Total* 

a 25 - 32 Secs. 

+ 5% Full Scale - 

80 - 460 mm Hg. 

O2 Mixtures 

Weight 

Volume 

Single & Multigas 

13 ounces 

12 cubic inches 

Requires Barrier Change 

16.7 ounces 

15 cubic inches 

* Hysteresis loop gives total variation (See Figure 22) 

a Rapid i n i t i a l  response  w i t h  rate decreasing wi th  t i m e .  

+ 1 milbarrier r e q u i r e d  for m u l t i g a s  atmospheres and 4 mil 
barrier f o r  p u r e  oxygen. 



SENSOR DESCRIPTION 

A. I n t r o d u c t i o n . ,  - - 
Oxygen concent ra t ion  l e v e l s  which - w i l l  prevent phys io logica l  

and psychological  performance degradat ion a r e  an important measure- 

ment f o r  t h e  c o n t r o l  of a spacec ra f t  atmosphere. The General  

E l e c t r i c  f u e l  c e l l  p r i n c i p a l  of oxygen measurement shows much 

promise of providing a simple r e l i a b l e  oxygen measuring instrument 

t o  monitor t h i s  atmosphere. 

The chemical combination of hydrogen and oxygen i n t h e  

presence of a c a t a l y s t  has  been t h e  sub jec t  of a major develop- 

ment e f f o r t  by numerous organiza t ions  over t h e  p a s t  s e v e r a l  years .  

The ion-exchange membrane type f u e l  c e l l  has  been developed by t h e  

General E l e c t r i c  company f o r  space power a p p l i c a t i o n s .  I n  t h e  

course of t h i s  work, engineers  noted an apparent  response of 

f u e l  c e l l  output  energy t o  changes i n  t h e  mass d e n s i t y  of  oxygen. 

This  f a c t  brought f o r t h  t h e  p o s s i b i l i t y  of using t h e  f u e l  c e l l  

p r i n c i p a l  t o  sense t h e  p a r t i a l  p ressu re  of oxygen as a d i r e c t  

reading  instrument .  

The General E l e c t r i c  oxygen sensor  concept developed 

from t h i s  beginning, u t i l i z e s  a miniatur ized ion-exchange 

membrane (IEM) a s  the  sens ing  element. The b a s i c  membrane mate r i a l  

is procured f rom the p roduc t i on  facilities of the D i r e c t  Energy 

Conversion Operation a t  Lynn, Massachusetts. The anode s i d e  of - 



t h e  membrane i s  exposed d i r e c t l y ,  v i a  a d i f f u s i o n  b a r r i e r ,  t o  t h e  

gas  mixture whose oxygen p a r t i a l  preSsure i s  t o  be measured, (see 

Figures  2 and 3 ) .  The purpose of t h e  d i f f u s i o n  b a r r i e r  i s  t o  
- - - - 

l i m i t  t h e  f low of oxygen molecules t o  a r a t e  l e s s  than t h e  ion-  
- 

exchange mmbrane can u t i l i z e .  I n  e f f e c t  t h e  ion-exchange membrane 

must u s e  up oxygen as f a s t  as it d i f f u s e s  through t h e  b a r r i e r .  When 

t h e  oxygen p a r t i a l  p ressu re  reaches a va lue  such t h a t  t h e  amount - 

d i f f u s i n g  through the barrier i s  g r e a t e r  than t h a t  r equ i red  f o r  t h e  

r e a c t i o n ,  t h e  sens ing  element s a t u r a t e s .  Thin 'metal  washers, i . e . ,  

c u r r e n t  c o l l e c t o r s ,  are pressed a g a i n s t  t h e  platinum black  on the  

ion-exchange membrane t o  provide a conducting pa th  f o r  t h e  e l e c t r o n s .  

Product water accumulates on t h e  oxygen s i d e  of t h e  membrane 

u n t i l  i t s - v a p o r  p ressu re  allows it t o  permeate through the  d i f f u s i o n  

b a r r i e r .  This product water i s  e s s e n t i a l  e i n  t h a t  i t  prevents  the  ion- 

exchange membrane from drying  o u t .  The sensoss  developed opera te  a t  

approximately 2 ma. a t  ambient atmosphere (pop 160 mm Hg). This low 

2 c u r r e n t  d e n s i t y  (.007 amp/cm ) t h e o r e t i c a l l y  permits  3000 hours of 

u s e f u l  f i f e .  

The General  E l e c t r i c  oxygen sensor  i s  shown i n  Figure 1 with 

an exploded view of t h i s  sensor  shown i n  Figure 2 .  This  minia tur ized  

sensor  supp l i e s  a se l f -genera ted  c u r r e n t  which can be appl ied  d i r e c t l y  

* 
t o  an i n d i c a t i n g  instrument .  It w i l l  sense oxygen p a r t i a l  pressure  

continuously, to the exclusion of the  o ther  gases and vapors ,  

- 



FIGURE I.: PROTOTYPE OXYGEN SENSOR 
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FOGURE 2.: EXPLODE - 



Afte r  i n i t i a l  c a l i b r a t i o n  i n  t h e  >tmosphere t o  be measured, t h e  

sensor  w i l l  provide an aufomatic,  continuous,  e l e c t r i c a l  output  

s i g n a l  which i s  propor t ional  t o  t h e  a c t u a l  pop p resen t .  A l l  com- 

ponents of t h e  system a r e  minia tur ized  and extremely rugged. 

This  sensor  r ep resen t s  a new technique of polargraphic  

sens ing  of  oxygen without exhausrioo of t h e  sensor  through i r r e v e r s -  

i b l e  chemical r e a c t i o n ,  and without t h e  need f o r  a p o l a r i z i n g  

e l e c t r i c a l  p o t e n t i a l  from an e x t e r n a l  source.  

B. Deta i led  Descript ion . - -  - 

The prototype oxygen sensor  i s  designed t o  provide a given 

response t o  oxygen l e v e l s  from 80 mm Hg t o  460 mm Hg. The sensor  

i s  e s s e n t i a l l y  a miniatur ized concent ra t ion  polar ized  f u e l  c e l l .  
@ 

Operating in  t h e  concent ra t ioa  polar ized  regime - extends t h e  range 

over  which t h e  sensor  i s  a f f e c t e d  by changes i n  oxygen p a r t i a l  

pressure .  For proper opera t ion  two i tems a r e  e s s e n t i a l ,  a dependable 

f u e l  c e l l  assembly and a mass t r a n s p o r t  l i m i t i n g  mechanism. 

A number of  ma te r i a l s  and sensor  conf igura t ions  have been 

t r i e d  i n  order  t o  develop a reproducib le ,  s t a b l e  sensor wi th  good 

accuracy, l i n e a r i t y ,  range and response t ime. Sect ion 111 of t h i s  

r e p o r t  d e s c r i b e s  t h i s  development e f f o r t .  

D e t a i l  drawings of each component making up t h e  sensor  

assembly a r e  included i n  Appendix B. Figure 3 ,  an assembly drawing 
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of the oxygen sensor, illustrates the overall configuration of 

the instrument. - The sensor - assembly can be considered to be made 

up of seven major components: ion-exchange - membrane, collectors, 

seals, barrier, housing, H2 supply, and temperature compensation 

network. A detailed weight breakdown of the sensor assembly is 

shown in Table 11. 

TABLE I1 

pO7 SENSOR WEIGHT BREAKDOWN 

Regulator & Reservoir 332 grams 
Housing 105 grams 
Sensor Body 9 grams 
Connector & Screws 8 grams 

- Retaining Nut 6 grams 
Collectors 1 gram 
Temperature Compensation Network 5 grams 
I 1  I t  0 .Rings I gram 
Seals - 2 grams 
Barrier 0.5 gram 
Ion-Exchange Membrane 0.5 gram 
Lock Wire & Nameplate 2 grams 

TOTAL 472 grams (1.041 lbs.) 



I. Ion-Exchange Membrane: The ion-exchange menibrane i t s e l f  
B" 

I s  a .003 t h i c k  s o l i d  polper impregnated wi th  an  e l e c t r o l y t e ,  poly- 

s t y r e n e  sulphonic ac id  -(l?SSA), This membrane a c t s  as a impermeable 
- 

p a r t i t i o n  between t h e  r e a c t a n t  gases.  The e lec t rodes  a r e  composed 

of  platinum black  deposi ted on each f a c e  of t h e  membrane. This 

c a t a l y t i c  coa t ing  on each surface s e r v e s  as t h e  e l e c t r o d e  f o r  t h a t  

gas  exposed t o  i t .  A t  the hydrogen e l e c t r o d e ,  H gas d i s s o l v e s  
2 

i n  t h e  platinum t o  y i e l d  protons and f r e e  e l e c t r o n s  which a r e  t rans-  

f e r r e d  via t h e  c u r r e n t  c o l l e c t o r  as a negat ive  c u r r e n t .  The protons 

move f r o m  t h e  H2 s i d e  platinum d i r e c t l y  t o  t h e  membrane and are 

t r anspor ted  through i t  t o  t h e  oxygen s i d e .  A t  t h e  oxygendect rode  

t h e s e  protons pass i n t o  s o l u t i o n  wi th  t h e  platinum. Oxygen 

i s  adsorbed on t h e  platinum sur face  and i s  a v a i l a b l e  t o  combine with 

t h e  proton and t h e  f r e e  e l e c t r o n s  tGansported from t h e  H e l e c t r o d e  
- 2 

t o  form water. This  type of membrane has an advantage i n  t h a t  t h e  

e l e c t r o l y t e  remains non-diluted by H20 formed as a r e s u l t  of t h e  

oxygen-hydrogen r e a c t i o n .  The IEM i s  approximately 60% w a t e r  so  

t h a t  v a r i a t i o n s  i n  water con tac t  a t  t h e  su r face  can r e s u l t  i n  s i g n i f -  

i c a n t  changes i n  d i f f u s i o n  r a t e s  and conduct iv i ty  of t h e  des icca ted  

por t ions .  

An e x t e r n a l  c i r c u i t  i s  provided t o  connect both  

e l e c t r o d e s  t o  a f ixed  e l e c t r i c a l  load,  i n  p a r a l l e l  with t h e  EMF. 

k o l t m e t e r  across t h e  Load will, i n d i c a t e  an o u t p u t  related t o  the p 0 2 ,  

and can be c a l i b r a t e d  i n  any units. des i red  (nan Kg, p s i a ,  e t c , )  , 



2, Current Col lec tors :  Metal p l a t e s ,  o r  c u r r e n t  c o l l e c t o r s ,  
L 

a r e  pressed a g a i n s t  the carbon b lack  on t h e  membrane t o  provide a 

conducting p a t h - f o r  t h e  gekerated e l e c t r o n s .  Figure 3 i l l u s t r a t e s  

t h e  p o s i t i o n  of  t h e s e  c o l l e c t o r s  i n  r e l a t i o n  t o  the membrane. The 

i n t e r n a l  r e s i s t a n c e  of t h e  c e l l  depends n o t  only upon the  e l e c t r o l y t i c  

conduc t iv i ty ,  bu t  also upon the r e s i s t a n c e  assoc ia ted  wi th  t h e  c u r r e n t  

c o l l e c t o r s  and lead  wixes., Tantalum has been used as the  m a t e r i a l  

f o r  t h e  c u r r e n t  c o l l e c t o r .  This metal  has  some unique p r o p e r t i e s  

which could lead  t o  d i f f i c u l t i e s .  It i s  a r e f r a c t o r y  m a t e r i a l  and 

s o  non-corrosive; a f f e c t e d  mainly by hydrof luor ic  a c i d .  It p r o t e c t s  

i t s e l f  by growing an oxide f i l m  on i t s  su r face  a t  room temperature. 

Not only  does t h i s  f i l m  serve  as an i n h i b i t o r  t o  f u r t h e r  ox ida t ion ,  

i t  a l s o  i n c r e a s e s  t h e  r e s i s t a n c e  t o  e l e c t r o n  f low i n t o  t h e  metal .  

P o s i t i v e l y  p o l a r i z i n g  t h e  f i l m  i n  the'presense of  0 i nc reases  t h e  
2 

f i l m  th ickness  and i t s  r e s i s t a n c e .  ~ o r t u n a t < l ~ ,  i n  t h i s  c e l l ,  t h e  

O2 s i d e  i s  nega t ive ly  polar ized  and t h e  f i l m  does n o t  grow. But 

the i n i t i a l  oxide l a y e r  caused by exposure t o  atmospheric a ir  may 

have enough r e s i s t a n c e  t o  be troublesome. Minor abras ions  on t h e  

s u r f a c e  tend t o  break t h e  con t inu i ty  of t h e  f i l m  and, t h e r e f o r e ,  t o  

lower i t s  r e s i s t a n c e .  Tes t ing  shows t h a t  a c leans ing  wi th  

hydrochloric ac id  and a l i g h t  buff ing  of t h e  con tac t  s u r f a c e s  should 

eli&nate any t r o u b l e .  Tantalum wire  i s  spot  welded t o  t h e  c u r r e n t  



c o l l e c t o r  and used to  conduct t h e  au tpu t  c u r r e n t  t o  t e d n a l s  on 

t h e  o u t s i d e  of t h e  p l e x i g l a s  - i n s e r t .  - - 
3 .  The s e a l s  c o n s i s t  of two Viton "Af' washers .I25 i n c h  

- 
t h i c k .  Leakage of hydrogen t o  t h e  oxygen s i d e  of t h e  ion-exchange 

membrane causes p o l a r i z a t i o n  of t h e  c e l l  and reduces output  s i g n i f -  

i c a n t l y .  Therefore,  i t  i s  e s s e n t i a l  t h a t  a l l  leakage pa ths  around 

t h e  membrane are el iminated.  It i s  a l s o  important t o  make s u r e  

a l l  o f  t h e  oxygen flows through t h e  b a r r i e r .  Any oxygen t h a t  bypasses 

rrhe b a r r i e r ,  w i l l  produce an increased non-l inear  response.  The 

seals a r e  pos i t ioned  s o  t h a t  compression w i l l  ex t rude  t h e  s e a l  around 

t h e  c u r r e n t  c o l l e c t o r s  assur ing  a l eak  t i g h t  system. 

4. Barrier: I n  o rde r  t o  i n s u r e  t h a t  t h e  ce l l  i s  c u r r e n t  

l i m i t e d ,  ( concen t ra t ion  polar ized)  , a e d i f f u s i o n  b a r r i e r  i s  placed 

i n  t h e  pa th  between t h e  oxygen supply and the oxygen e lec t rode .  

This  e s s e n t i a l l y  c r e a t e s  a pressure  drop i n  t h e  O2 i n l e t ,  a l lowing 

the e x t e r n a l  pressure  t o  be h igher  than t h e  s a t u r a t i o n  p ressu re  of 

t h e  cel l  i t s e l f .  The s i l i c o n e  b a r r i e r  u t i l i z e d  on t h e  oxygen sensor 

was s e l e c t e d  f o r  i t s  high oxygen permeabil i ty .  I n  o r d e r  t o  achieve 

maximum s e n s i t i v i t y ,  t h i s  m a t e r i a l  w a s  s e l ec ted  over many commercially 

a v a i l a b l e  m a t e r i a l s  such as c a s t  t e f l o n ,  polyethylene,  polypropylene, 

and polyprapyl n i t r a t e .  For low pressure  a p p l i c a t i o n s  a screen  has  

been in se r t ed  over the barr ier ,  to prevent i t  f r o m  bu lg ing  outward 

and tearing. P r e s s u r e  d i f f e r e n t i a l s  Hn excess of 750 mm Hg can be 

t o l e r a t e d  with this design. The barrier I s  posi t ioned d i r e c t l y  over 



t h e  c o l l e c t o r  t o  minimize t h e  volume between t h e  ion-exchange membrane 

m d  t h e  b a r r i e r .  The s h o r t e r  t h e  ggp between the  b a r r i e r  and e lec t rode ,  

t h e  l e s s  water and gas t h a t  c a n  be trapped i n  t h i s  volume. Any water 

t h a t  b u i l d s  up on t h e  oxygen s i d e  of t h e  membrane must be kept  t o  a 

minimum o r  t h e  o v e r a l l  permeabi l i ty  w i l l  be g r e a t l y  decreased as the  

d i f f u s i o n  rate of uxygen i n  air i s  a m i l l i o n  times t h a t  of w a t e r .  A 

one m i l  s i l i c o n e  b a r r i e r  was se lec ted  as permeabil i ty  i s  approximately 

a l i n e a r  func t ion  of b a r r i e r  th ickness .  Thus s e n s i t i v i t y  and response 

t i m e  are a f f e c t e d  by t h e  th ickness  of t h e  b a r r i e r .  

5. Hydrogen Supply: A t h r e e  cubic  inch  r e s e r v o i r  has  been 

provided t o  s t o r e  a 30 day supply of hydrogen a t  2000 ps ig .  The 

rate of hydrogen consumption i s  a d i r e c t  r e l a t i o n s h i p  t o  t h e  amount 

of c u r r e n t  produced. The electro-chemical  equiva lent  f o r  hydrogen 

i s  26.6 ampere-hours pe r  gram, o r  1 mirZliamp r e q u i r e s  .007 cc/min of 

hydrogen. A t  atmospheric p ressu re  t h e  s e n s o r  w i l l  u t i l i z e  .014 cc/min 

of hydrogen. 

A s i n g l e  s t a g e  pressure  r e g u l a t o r  i s  provided t o  reduce 

t h e  s to rage  pressure  t o  15  p s i a  f o r  d e l i v e r y  t o  t h e  ion-exchange mem- 

brane .  The o r i f i c e  of the  r egu la to r  i s  s i zed  t o  pass  a minimum flow 

of 0.13 cc/min, 

The s p e c i f i c a t i o n  for t h i s  r e g u l a t o r - r e s e r v o i r  i s  included 

i n  Appendix 'ID" . A charging p o r t  a t  t h e  bottom of t h e  r e s e r v o i r  allows 

f i l l i n g  of t h e  reservoir f r o m  a high pressure hydrogen source .  A test 



port downstream of the regulator aalows access to the hydrogen side 

of the ion-exchange - membrane - for monitoring hydrogen pressure or 

evacuating the storage chamber. - 

6. Temperature Compensation Network: The temperature com- 

pensation network consists of a series parallel circuit. A thermistor 

and 20 ohm resistor are in parallel with a 51 ohm resistor and a 0 to 

50 ohm trimming potentiometer. The thermistor chosen has a resistance 

of 150 ohms at 35'~, 50 ohms at 77O~, and 25 ohms at 110'~. Figure 4 

shows an electrical schematic of the temperature compensation network. 

The network has been potted in place on the inside of the aluminum 

sensor housing. Three inch leads are utilized so that the plexiglas 

insert dan be removed from the aluminum housing which contains the 

trim potentiometer and the connector, 





The development prog$am for the p02 sensor can be broken down 
- 

into four hypothetical Phases (A, B, C, an& D). The original experi- 

ments in Phase A, were conducted on test models made of stainless 

steel and gave unsa@isfactouyresults. Phase B included a -broader 

approach to the problem with many and varied approaches considered 

and tried. The decision to use tantalum current collectors and a 

plexiglas body with no reservoir or seals began Phase C, Phase D 

consisted of conducting the detailed development testing on the 

final configuration. Figure 5 shows a schematic of these phases 

with the tests performed in each. 

Phase A: In the beginning of August 1963, the fabrication of 

two test model sensors, which had bgen designed on the basis of 
- 

knowledge from prior programs, was completed and sensors were 

readied for testing. Since it was not known whether the cells 

would be run at currents high enough to produce the amount of 

water sufficient to maintain the necessary moisture state of the ion- 

exchange membrane (IEM), a liquid reservoir was included within 

the fuel cell. This reservoir was in the form of a conducting 

electrolyte path located in a plexiglas spacer placed between two 

membrane half  cells, Typa A (Figure 6). The half cells are membranes 

which have platinum black depos i t ed  on one surface only. The 

e lecerolyte  connected the two uncoated surfaces of these membranes 











with each other while the platinum coated electrode surfaces faced 
Br 

I I the hydrogen and oxygen respectively. 0" rings pressing against 

the membranes on- the coated Bides served as seals for the acid and 

gases. The stainless steel body of the sensor which was made in 

two pieces, each insulated from the other, held the membrane-reservoir- 

spacer-membrane sandwich together and also served as the current 

collector at each electrode. Since the ion-exchange membranes are 

cationic acid membranes, H2S04 was used as the electrolyte in the 

reservoir 

Curves of 1 and 2 of Figure 7 show the relatively low output achieved. 

Curve 1 shows the initial output of the cell and curve 2 the output 

a day later. 

In order to test the cell without the acid electrolyte and since 
# 

fuel cell membranes, coated with platinum black on both sides were 
- 

available, a senso; was modified to accommodate this arrangement. 

The output was non-reproducible with time but it gave a linear response 

to p02. Whereas the cells with the reservoir had shown hardly any 

response to p02 and had given the impression the cells were O 2  saturated, 

this latter cell produced a very encouraging curve, Figure 8, Curve (1). 

Fureher testing showed that output signal variation and low values 

made these cells unacceptable. Proceeding under the assumption that 

constituents of the stainless steel were contaminating the membrane 



and/or c a t a l y s t ,  i t  w a s  decided t o  at tempt  t o  mask t h e  steel s o  
C 

t h a t  it d id  n o t  make d i r e c t  contact: with the  membrane. A gold f i l m  
3 

was depos i ted  on t h e  cu r r6n t  c o l l e c t i n g  su r faces  of t h e  steel body. 

This  was expected t o  provide a s h i e l d  f o r  t h e  IEM, but  upon c l o s e  

examination, i t  w a s  discovered t h a t  t h e  f i l m  was  discont inuous and 

very  porous. I n  an ef forg  t o  remove &he p o s s i b i l i t y  t h a t  t h e  

s t a i n l e s s  steel m l d  exert any in f luence  on t h e  c e l l s '  o u t p u t ,  a 

sensor  w a s  made i n  t h e  same conf igura t ion  b u t  with p l e x i g l a s  r ep lac -  

i n g  t h e  s t e e l  members. Current c o l l e c t i n g  su r faces  were made by 

d e p o s i t i n g  a gold f i l m  on t h e  p l e x i g l a s .  This f i l m  was a l s o  found 

t o  be  d iscont inuous ,  For economic reasons and because of t h e  f a c t  

t h a t  t h e  gold and platinum d i f fused  i n t o  each o the r  dur ing  use ,  an 

extens ion  of t h i s  approach w a s  p r o h i b i t i v e .  Phase A t h e r e f o r e  ended 
, , 

without  providing a working f u e l  c e l l - l e t  a lone  a p02 sensor ,  but  

i t  d i d  se rve  t o  e l imina te  a number of p o s s i b i e  b l ind  a l l e y s .  

Phase B: Af ter  reviewing t h e  test r e s u l t s  i t  became obvious 

t h a t  the  s t a i n l e s s  s t e e l  i n  t h e  o r i g i n a l  sensors ,  coupled wi th  t h e  

p o s s i b i l i t y  t h a t  the  IEM may have been d r i e d  a t  one t ime, were 

mutually t h e  b a s i c  causes of t h e  e r r a t i c  readings.  Upon t h e  

d e l i v e r y  of f r e s h  membrane, t h e  sensor assembly w a s  changed, A s e r i e s  

of t e s t s  conducted on t h e  membranes held i n  t e s t  assemblies  which 

simulated the mechanical arrangement of t h e  sensors ,  showed t h a t  

1 1  1 1  the 0 r i n g s  were unnecessary as seals f o r  the membranes, Under 

- a s u f f i c i e r r t  p r e s s u r e ,  t h e  membraneq acted  as t h e i r  o m  gaske t ,  compressi 



enough t o  seal. This  knowledge allowed t h e  "0" r i n g s  t o  be 
ar 

d i s c a r d e d ,  g r e a t l y  s impl i fy ing  t h e  c e l l  cons t ruc t ion .  
. - 

Since w a s  now used as t h e  m a t e r i a l  f o r  t h e  sensor  

body, and t h e  gold f i l m  w a s  found inadequate ,  a c u r r e n t  c o l l e c t i n g  

material w a s  needed. Af ter  a m a t e r i a l  i n v e s t i g a t i o n  tantalum w a s  

s e l e c t e d .  The only form of tantalum immediately a v a i l a b l e  a t  t h e  

t i m e  w a s  pure  tantalum f o i l .  This  w a s  used i n  conjunct ion wi th  

two h a l f  cells separated by a s u l f u r i c  a c i d  r e s e r v o i r .  A photograph 

of t h e  type  "A" sensor  descr ibed  i s  shown i n  Figure 9. The output  

was  markedly much higher  than be fo re  but  i t  was e r r a t i c ,  varying 

from day t o  day and even hour t o  hour.  The sensors  were assembled 

and disassembled u n t i l  one o r  two were f a b r i c a t e d  t h a t  had ou tpu t s  

cons tan t  f o r  up t o  two days. A photograph of a t y p i c a l  tes t  se tup  
& 

t o  evaluate-performance i s  included i n  Figure 10. Performance 
- 

t e s t i n g  w a s  accomplished by evacuat ing a b e l l  j a r  and admit t ing  

a mixture of oxygen and n i t rogen  t o  atmospheric pressure .  A review 

of t h e  l i t e r a t u r e  revealed t h a t  c u r r e n t  l i m i t i n g  could be accomplished 

by d i f f u s i o n  through a l l  t h r e e  phys ica l  s t a t e s ,  g a s o l i q u i d  and 

s o l i d s .  In an e f f o r t  t o  s e e  i f  c u r r e n t  l i m i t i n g  could be e f f e c t e d  

upon t h e  cel l ,  a l a y e r  of water w a s  placed on t h e  su r face  of t h e  O2 

cathode covering i t  e n t i r e l y .  The e f f e c t  was t h a t  t h e  output  vo l t age  

was reduced  a t  high current .  A s i l i c o n e  rubber d i f f u s i o n  b a r r i e r  

was next utilized and i t s  effects w e r e  more severe than that of t h e  



- 
FIGURE 9.: iWlTlAL SENSOR DESIGN -TYPE ''A'' 



- FIGURE 10.: TYPICAL PERFORMANCE TEST -TYPE "A" (CONTAINING RESERVOIR 



water, caus ing  a g r e a t e r  degree of p o l a r i z a t i o n  a t  high c u r r e n t .  

Curve (I) of  Figure  11 shows t h e  g"enera1 shape of  t h e  E-1 curve 

under concen t ra t ion  polar- izat ion - caused by t h e  d i f f u s i o n  b a r r i e r .  

With t h i s  improved performance, t h e  next  - s t e p  was t o  produce 

a c e l l  w i th  a s t a b l e  output .  I n  order  t o  accomplish t h i s ,  a number. 

of d i f f e r e n t  cel l  conf igura t ions  were t r i e d .  Two models similar 

t o  t h e  above were made and t e s t e d  but  a l s o  gave poor r e s u l t s .  A 

b a r r i e r  w a s  placed on t h e s e  c e l l s  but  t h e  sensor  gave v a r i a b l e  long 

t e r m  r e s u l t s ,  

Modif ica t ions  included a design wi th  a double s ided membrane 

and a r e s ~ r v o i r  around i t s  edges, Figure 6, 'Type D; a s i n g l e  sided 

membrane wilth two separa te  platinum black patches on t h e  same s i d e  

and a r e s e r v o i r  behind, Figure 6 ,  Type E; and two s i n g l e  s ided  

membranes w2th a r e s e r v o i r  which was-open t o  t h e  ou t s ide  s o  t h a t  

a c i d  could be added o r  sub t rac ted ,  Figure 6 ,  Type C. The f irst  

of t h e s e  f a i l e d  because a i r  d i f fused  through t h e  water i n  t h e  r e s e r v o i r  

and reac ted  a t  t h e  e l e c t r o d e  su r face  t o  i n c r e a s e  t h e  c e l l  output .  

Var ia t ion  i n  water l e v e l  v a r i e d  t h e  output .  The second conf igura t ion  

f a i l e d  because t h e  pa th  from one e l e c t r o d e  t o  t h e  o t h e r ,  length-  

w i s e  through t h e  membrane, w a s  n o t  very conductive t o  protons.  This 

may h8ve been because the r e s i s t a n c e  along a pa th  p a r a l l e l  t o  t h e  

s u r f a e e  of t h e  membrane i s  higher  than t h a t  perpendicular  t o  i t  o r  

because t h e  sealing pressure a p p l i e d  between the electrode areas was 





* 

so great that it forced the water out of the membrane causing 
- - 

drying and therefore an increase in its resistance. When acid 

was used in the reservoir instead of distiIled water the output 

was very high and stable as long as the acid level remained the 

same, 

The third configuration allowed experimentation upon the acid 
- 

in the reservoirs since it was now accessable. This cell displayed 

the same non-static outputs as did the earlier cells. A photo- 

graph of this cell appears in Figure 12. 

Upon investigatiun it was found that the cell output varied 

with the concentration of H2S04 solution. This was to be expected 

since the conductivity-of the solution varies with concentration, 
e 

being highest near 35% concentration and decreasing - above and below 

this. The interesting fact discovered with this cell was that the 

acid freely migrated through the membrane and its volatile components 

evaporated. Water formed in the reaction was also probably entering 

the reservoir. Both of these phenomena varied the conductivity of 

the cell. Alsc the loss of electrolyte caused the contact area 

between electrolyte and membrane to be reduced so that uniform wetting 

was not maintained. All in all enough evidence was provided to 

discourage further use of cells with conducting electrolyte reser- 





The only a l t e r n a t i v e  l e f t  w a s  to e l imina te  t h e  r e s e r v o i r s  

completely by t r y i n g  a f u l l  c e l l ,  fdouble sided membrane) ins t ead  

of two h a l f  eel-1s. I n  o rde r  - t o  make t h e  c e l l s  e a s i e r  t o  assemble, 

t h i c k ,  r i g i d ,  tantalum p l a t e  w a s  shaped i n t o  - c u r r e n t  c o l l e c t o r s  

and used as an i n t e g r a l  p a r t  of t h e  sensor  body. This began Phase C ,  

which u t i l i z e d  Type B and F, Figure 6. 

-- 

Phase C: For the P-i-rst t i m e  i n  t h e  program a reproducib le ,  

high output  w a s  maintained by t h e  test sensor .  The o r i g i n a l  c e l l ,  

once it w a s  s t a r t e d ,  had a b a r r i e r  placed on it and continued i n  

opera t ion  f o r  more than t h r e e  months. 

This  success  w a s  followed by t h e  assembly of a s i m i l a r  c e l l  f i r s t  

u s ing  f o i l  and then  tantalum p l a t e ,  That c e l l  a l s o  operated f o r  

2-3 months. The e f f e c t  of t h e  b a r r i e r  i s  c l e a r l y  shown by Figure 11. 
# 

where t h e  output  of a  very e f f i c i e n t  c e l l  was d r a s t i c a l l y  reduced. 
- 

Figure 13  shows t h e  comparison of t h e  output  of another  c e l l  before  

and a f t e r  t h e  b a r r i e r  was added. This later  c e l l  w a s  more polar ized  

before  the b a r r i e r  was added than t h e  previous one. The apparent  

r i s e  of output  a f t e r  t h e  a d d i t i o n  of t h e  b a r r i e r  came from the  

i n c r e a s e  of moisture  i n  t h e  membrane caused by t h e  water trapped 

between t h e  b a r r i e r  and t h e  membrane. The shape of the  curve,  

s p e c i f i c a l l y  t h e  voltage drop a t  high c u r r e n t ,  i n d i c a t e s  d e f i n i t e l y  

t h a t  the  c e l l  i s  cur ren t  l i m i t e d ,  



. C 
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The response of a cell to p0, is shown in Figure 14. The 

flattened slope indicated the effect of the barrier; A comparison 

of response to pO before-and after current limiting is shown by 2 

Figure 15 curve B. The unpolarized cell h a  a fast rising logarithmic 

response the shape of which can be varied by the diffusion barrier 

used. In practice, *w a barrier is placed in front of 

the electrode, the w a r n  produced is trapped. After equilibrium is 

established between the liquid behind the barrier and the steam 

diffusing through it, the membrane assumes a steady state moisture 

level which usually enables it to produce an output slightly higher 

than the unshielded cell. 

Now that an operating fuel cell with repeatable output was on 

hand, a number of tests were run to determine how this sensor responded 

to various stimuli. A family qf E versus p02 curves were run at 
- 

different load resistances, Figure 16. The high resistance, low 

current, lightly loaded curves continued to resemble the non-polarized 

curves in as much as they were basically expanded logarithmic curves. 

At low resistances and higher current densities the effects of 

concentration polarization were evident in the distortion of the 

logarithmic type response curve. Tkse were reverse curvatures 

superimposed upon the logarithmic curve. The response to p02 should 

follow the equation: 









6 where ( -) i s  t h e  composite d i f  fusi-on c o e f f i c i e n t  f o r  water 
Dsff 

and s i l i c o n e  rubber given by 
- - 

The n e x t  a r e a  of i n t e r e s t  w a s  t h e  time response.  It w a s  obvious 

from normal t e s t  runs  t o  t h a t  d a t e  t h a t  t h e  sensor responded immediately 

t o  pop changes, but  had a slow r a t e  of change. The c e l l  wi th  no 

b a r r i e r  responded r r . l i ~ a r  r a p i d l y  when moderate o r  h igh  c u r r e n t s  

were d r a m .  The t ime contant  w a s  on t h e  order  of 5 secs .  as i l l u s t r a t e d  
e 

by Figure  1 7 .  With t h e  b a r r i e r  added, t h e  - response w a s  slowed con- 

s ide rab ly .  The t ime cons tant  v a r i e s ,  depending upon whether 

p r e s s u r e  i s  being increased o r  decreased, (Figure 18 and 19) .  When 

t h e  e x t e r n a l  p02 i s  increased t h e  c e l l  seems t o  respond f a s t e r  than  

when it i s  decreased. No s a t i s f a c t o r y  explanat ion f o r  t h i s  phenomena 

has been uncovered y e t  but  it appears t o  be l inked wi th  t h e  f a c t  

t h a t  t h e  r a t e  of change of f low i n t o  t h e  e l e c t r o d e  decreases  a s  a 

func t ion  of pressure  decrease  and inc reases  a s  p ressu re  inc reases .  

Then t h e  v e l o c i t y  with which t h e  c e l l  reaches a new s teady s t a t e  

equ i l ib r ium decreases  i n  the former case and increases i n  t h e  l a t t e r .  

Tile t i m e  c o n t r a i q t s  would, theref  ore,  vary.  









phase D: S i x  new small=, compact sensors  w e r e  used f o r  tests 
- - 

i n v e s t i g a t i n g  and de f in ing  -bas ic  opera t ing  parameters of t h e  

11 i t  sensor .  A n  exploded view of t h e  type G sensor  appears i n  

Figures 20 and 21. 

1. Barrier Select ion:  I n i t i a l  tests w e r e  d i r e c t ed  a t  t h e  

s e l e c t i o n  of a s u i t a b l e  b a r r i e r .  It was-soon apparent t h a t  

cu r r en t  ou tpu t s  f a r  exceeded t h e o r e t i c a l  va lues  based on t h e  

pe rmeab i l i ty  of t h e  b a r r i e r  being t e s t ed .  It was suspected t h a t  

oxygen w a s  by-passing t he  b a r r i e r .  

The type  "G1' sensors  had cur ren t  c o l l e c t o r s  pro t ruding 

t h r o u g h - s l o t s  i n  t h e  sensor housing. It was thoughtthat  lapped 

su r f ace s  on t h e  cu r r en t  c o l l e c t o r s  a ~ d  pressure  due t o  torquing 

t h e  r e t a i n i n g  n u t  would e f f e c t i v e l y  seal t he  ion-exchange membrane 

from atmospheric oxygen. However, i t  was proved t h a t  leakage 

w a s  indeed t ak ing  p lace  through t h e  j o i n t .  ' Poss ib ly  minute 

scratches on t h e  c o l l e c t o r  o r  platinum black  allowed atmospheric 

oxygen t o  by-pass t h e  b a r r i e r .  Any molecules of oxygen t h a t  by-pass 

t h e  b a r r i e r  w i l l  tend t o  inc rease  t he  output  and s a t u r a t e  the  load 

curve. Oxygen t h a t  pene t ra tes  t h e  hydrogen s i de  of t h e  ion-exchange 

membrane wi-ll  be adsorbed and po l a r i z e  t h e  c e l l .  To e l imina te  

this Leakage a new housing and cur ren t  collector was designed, and 







designated type "H" . This sensor - u t i l i z e d  .0201' diameter wire 

f o r  c o l l e c t o r  l eads  which penetrated t h e  housing through small 
- 

holes .  A schematic view oE t h i s  c e l l  appears i n  Figure 22. Now 

cu r r en t  outputs  of t h e  sensor agreed w i t h ~ h e  t h e o r e t i c a l  outputs  

based on oxygen permeabil i ty  c o e f f i c i e n t s  f o r  t h e  ma t e r i a l  used 

as a  b a r r i e r  A t rade-off  was now necessary between response time, 

C02 range, l i n e a r i t y ,  Hq supply, and cur ren t .  In order  t o  maintain 

t h e  moisture i n  t h e  ion-exchange membrane a cu r r en t  of 2 ma was 

se lec ted  a s  a minimum cur ren t .  Table 111 shows permeabil i ty  coe f f i c i en t s  

f o r  r epresen ta t ive  f i lms  surveyed. On t h e  b a s i s  of i t s  high per- 

meab i l i ty  t o  oxygen s i l i c o n e  rubber w a s  se lec ted .  Oxygen flow can 

be ca lcu la ted  by; 

Tota l  number of cc  permeating per  second through t h e  n f i lm.  

= Number of c c  (STP) passing per second through one cmL of 
P  

a f i l m  one cm. t h i ck  under a  p a r t i a l  pressure  d i f f e r e n t i a l  

of one cm of mercury. 

2 A = Area of f i l m  (cm ) 

4 P = P a r t i a l  p ressure  d i f f e r e n t g a l  (cm of mercury) 

d = Film thickness (cm)  





cu r r en t  = - - 1.8 ma 

A p r a c t i c a l  cons idera t ion  was t h a t  s i l i c o n e  shee t  material 

cannot be procured under 1 mil. An exposed a r e a  l a r g e r  than the  .25 

inch  diameter p resen t ly  used would have t o  be u t i l i z e d  i f  higher  

cu r r en t  va lues  were des i red .  



TABLE I11 - 
- - - 

"Mylart' Polyester 

Cellulose Acetate 

Natural Rubber 

Silicone polydimethyl-~ilozane 

Polypropylene (Beckman) 

east Teflon 

Ethyl Cellulose 

[ 



2. - I n i t i a l l y  CI- leakage t e s t s  were performed 

on a l l  new sensor  assemblies  by sub jec t ing  t h e  hydrogen s i d e  of 
- - - - 

t h e  sensor  t o  n i t r o g e n  a t  20 p s i g ,  and submerging t h e  sensor  i n  

d i s t i l l e d  water .  S ince  t h e  hydrogen presgure i s  &in ta ined  a t  

approximately e i g h t  inches  of water f o r  normal opera t ion ,  t h i s  

excess ive  p r e s s u r e  w a s  deemed adequate.  However, submerging t h e  

ce l l  i n  w a t e r  a l t e r e d  the p r m e a b i l i t y  c o e f f i c i e n t  of t h e  b a r r i e r  

and i t  r e q u i r e d  many hours be fo re  a reasonable va lue  w a s  achieved. 

I n  a d d i t i o n ,  t h i s  method d id  n o t  show up l eaks  t h a t  poss ib ly  

developed dur ing  t h e  t e s t .  For t h e s e  reasons an improved leakage 

test  w a s  i n i t i a t e d .  - I n i t i a l l y  a bubbler w a s  used on t h e  hydrogen 

i n l e t  which gave an i n d i c a t i o n  of hydrogen consumption. L a t e r  a 

1 I  1t c a p i l l a r y  U tube  arrapgement w a s  used e f o r  p rec i s ion  measurements 

of hydrogen flow r a t e s .  A schematic of t h i s  - t e s t  set-up appears  

i n  Figure 23. Tes t  r e s u l t s  showed t h a t  hydrogen consumption 

c o r r e l a t e d  wi th  t h e o r e t i c a l  rates wi th in  6%. 
i 

3 .  - The c a p i l l a r y  "U" tube  tes t  apparatus  

shorn i n  F igure  23 was a l s o  u t i l i z e d  t o  eva lua te  e l e c t r i c a l  leakage. 

A t  open c i r c u i t  v o l t a g e  (OCV) no cur ren t  should flow; thus  no hydrogen 

should be  consumed. Tes t s  showed OCV hydrogen consumption of ,0014 

cclmin. o r  leakage c u r r e n t s  of 0.2 ma. This c u r r e n t  leakage i s  

a t t r i b u t e d  t o  low resis tance through the  a r e a  cleared of pl-atinum 





on t h e  periphery of the membrane.- This a rea  i s  scraped by hand 

t o  prevent a d i r e c t  - shor t  between anode and cathode. Visual - 
examination confirms t h a t  some of the  platinum black i s  embedded i n  

- 
the  i n t e r s t i c e s  of the  polystyrene menbrane accounting f o r  t he  

cur ren t  leakage. It i s  suspected t h a t  add i t iona l  migration takes 

p lace  wi th  time and tha t  t h i s  current  leakage i s  progressively in-  

creased, accounting f o r  t hedow downward d r i f t  of t he  output s ignal .  

During t h e  course of  development 

t e s t i n g  on the  type "HI' sensors it was evident t h a t  a major problem 

ex is ted  i n  a p e r s i s t a n t  downward d r i f t  of the  sensor output.  The 

downward d r i f t  was evident when pOg vs  output curves were performed 

on successive days. Invest igat ion of open c i r c u i t  vol tage  (OW) showed 
4 

de te r io ra t i on .  After  i n i t i a l l y  assembling a sensor an OCV of over 0.9 
- 

v o l t  could be achieved with the  b a r r i e r  i n  place,  however t he  value 

dropped off  t o  0.6 v o l t  i n  l e s s  than 48 hours. It w a s  evident 

t h a t  t h e  decreased OCV brought about the  lowered output curve. A 

check of the  mate r ia l s  u t i l i z e d  indicated t h a t  the  constantan 

wire used fo r  a co l l ec to r  lead out and the butyl  rubber s e a l  washers 

were suspected as poisoning the  ion-exchange membrane. 

Constantan contains 60% copper and 40% n icke l ,  Nickel i s  

not a material  recornended f o r  u se  w i t h  the  membrane. The lsobutylene 

and isoprene,  constisuents of butyl rubbe r  have mknown affects  on 



t h e  TEN. The constankan was replaced - by tantalum leads  and Viton A 

w a s  s u b s t i t u t e d  f o r  t h e  b u t y l  wi th  good r e s u l t s .  Two type  "Hi' sensors  
- 

assembled w i t h  t h e  tantalum leads  and Viton seals r a n  f o r  over 30 days 

wi th  untrimmed r e p e a t a b i l i t y  wi th in  - +6% (output vol tage) .  These 

performance curves are shown i n  Figures  24 and 25 with a photograph 

of t h e  t e s t  set-up included as Figure 26. 
- 

5. : To prevent  t h e  ion-exchange membrane (IEM) 

from s h o r t i n g  o u t ,  assembly procedures c a l l e d  f o r  removing plat inum 

black  a long a 1/16 i n c h  border around t h e  per iphery o f  both s i d e s  

of t h e  IEM. This e l imina tes  t h e  chance t h a t  a conduction path might 

a l low c u r r e n t  t o  s h o r t  between t h e  cathode and t h e  anode. Examination 

of ion-exchange membranes a f t e r  test showed t h a t  platinum black  had 

migrated onto  t h i s  cleaned a r e a .  I n v e s t i g a t i o n  showed t h a t  t h e  

e l e c t r i c a l  leakage of t h e  u n i t  had indeed l'ncreased. A d i s e c t i n g  

microscope w a s  u t i l i z e d  t o  assure  t h a t  a l l  platinum black has been 

removed from t h e  border.  Subsequent t e s t i n g  showed t h a t  t h i s  migra t ion  

i s  s t i l l  a problem. I n  removing t h e  platinum black some of t h e  

m a t e r i a l  i s  lodged i n  t h e  pores and i n t e r s t i c e s  of t h e  polys tyrene  

and cannot be removed. A "bu l l s  eyef' type of ion-exchange membrane 

i s  necessary  to e l imina te  a l l  cu r ren t  leakage. This would have t o  

be mmufactured i n  a s p e c i a l  p i l o t  run by t h e  GE-Direct Energy 

Conversion Operation, Cost and schedule precluded obta in ing  these 









special IEMts under the present NASA contract. 

- 
6. : The temperature range in which the 

sensor must operate extends from 35'~ to ISOOF. It was anticipated 

that the output voltage would increase with higher temperatures. 

This would affect the entire E-I curve by shifting it upward with 

temperature increases and downward with temperature decreases. When 

a load resistance is chosen it must be low enough so that when the 

temperature drops the cell will continue to operate in the rate 

controlled region intended. Assuming, therefore, that the change 

in temperature allows the sensor to continue to be concentration 

polarized, the following equation can be applied. . 

The terminal voltage, therefore, varies with the absolute 

temperature. The severity to which it is affected depends upon the 

constants in the equations. Initial testing over- the temperature 
0 

range 35'~ to 110 F vrith a non-compensated sensor produced a curve 



w i t h  a s l o p e  of 1 mv/O~. Figure 2 7  i s  a p l o t  of t h i s  curve.  A 

temperature compensation network w a s  designed and t e s t e d  i n  a bread- - - 
board conf igura t ion  using a cons tant  vo l t age  source t o  s imula te  

- 
t h e  sensor  output .  This  curve shown i n  Figure 28 confirmed t h e  

t h e o r e t i c a l  s lope  t h e  c i r c u i t  w a s  designed f o r .  With t h e  s lopes  

confirmed i t  remained t o  j o i n  t h e  c i r c u i t  t o  t h e  sensor  and check 

o v e r a l l  v a r i a t i o n s .  A curve showing output  vo l t age  v a r i a t i o n s  

~ t h  temperature f o r  the  f i n a l  conf igura t ion  i s  shown i n  Figure 29. 

The o v e r a l l  temperature dev ia t ion  has been held t o  .025 v o l t s  o r  3.6% 

of f u l l  s c a l e  va lue .  The h y s t e r i s i s  a f f e c t . c a n  be a t t r i b u t e d  t o  

temperature l a g  o r  ;esponse t i m e  between t h e  thermis tor  and t h e  

ion-exchange membrane. 

@ 

7. : I n  order  f o r  t h e  p02 sensor t o  be u s e f u l  
- 

as an ope.rationa1 instrument a r a p i d  t i m e '  response i s  d e s i r a b l e ,  

A s  0 flows through t h e  b a r r i e r s ,  both rubber and water, they  
2 

become s a t u r a t e d  with t h e  gas according t o  t h e  p ressu res  Involved. 

Also, i f  any g a s - f i l l e d  space e x i s t s  between t h e  b a r r i e r  and t h e  

water ,  t h i s  i s  a t  a pressure  corresponding t o  t h e  flow through t h e  

membrane and i n t o  t h e  c e l l .  Idhen t h e  e x t e r n a l  pressure  changes, 

e s p e c i a l l y  a decrease ,  t h e  O2 trapped i n  t h e  space and i n  s o l u t i o n  

must equalize with t h e  new external  condi t ion.  This i s  achieved 

by oxygen escaping t o  t h e  atmosphere ssr heing  used b y  llhe ce l l .  
- 

I n  o r d e r  ta speed t h i s  e q u i l i b r a t i o n ,  several steps a r e  possible, 









The more c u r r e n t  produced, t h e  f a s t e r  t h e  0 i s  used, t h e  f a s t e r  
C 2 

t h e  response.  The t h i n n e r  t h e  b a r r i e r ,  t h e  e a s i e r  t h e  O2 d i f f u s e s  

through i t .  The s h o r t e r  Ehe gap between t h e  b a r r i e r  and t h e  e l e c t r o d e ,  

t h e  less w a t e r  and gas  trapped and t h e r e f z r e ,  t h e  l e s s  q u a n t i t y  t o  be 

disposed o f .  These are v a l i d ,  assuming t h a t  t h e  c e l l ,  i t s e l f ,  has  

a v e r y  f a s t  response t o  p02; i-e., t h e  b a r r i e r  arrangement i s  t h e  r a t e  

c o n t r o l l i n g  f a c t o r .  The last t w o  methods a r e  t h e  two which can be 

given t h e  most a t t e n t i o n  s i n c e  t h e  amount o f  cu r ren t  produced a f f e c t s  

both  t h e  amount of w a t e r  produced and t h e  amount of hydrogen used. 

Both of t h e s e  must be kept  t o  a minimum t o  have a p r a c t i c a l  i n s t r u -  

men t , 

The time response then can be improved by making t h e  

d i f f u s i o n  b a r r i e r  t h i n  *and t h e  gap between t h e  b a r r i e r  and membrane 

s m a l l ,  R e s t r i c t i o n s  upon khese two media are obvious. The b a r r i e r  
- 

must remain t h i c k  enough t o  al low t h e  necessary pressure  drop so 

t h a t  t h e  cell does n o t  s a t u r a t e  below t h e  des i red  upper end of  t h e  pO 
2 

range, Also, i f  t h e  b a r r i e r  comes i n  con tac t  with t h e  membrane, 

i t  appears  t o  block o f f  t h e  a c t i v e  si tes of t h e  c a t a l y s t ,  thus  

completely p o l a r i z i n g  t h e  c e l l .  This  became apparent when w i t h  t h e  

b a r r i e r  i n  contac t  wi th  t h e  membrane, gas w a s  trapped between t b m .  

When  he e x t e r n a l  pressure  was reduced, i n s t e a d  of t h e  output  being 

reduced ,  a s  would be  expected, the o u t p u t  increased, This i s  assumed 

t o  b e  due  t o  an expansion of the trapped gas and a consequent 



s e p a r a t i o n  of t h e  b a r r i e r  and meraibrage. The a c t i v e  s i tes  w e r e  t hus  

f r e e  t o  r e a c t  w i th  t h e  02 and t h e  output  i nc reased .  A t r ade -o f f  i s  
. - - - 

t h e r e f o r e  necessary  between t h e  b a r r i e r  th ickness ,  i t s  d i s t a n c e  from 
- 

t h e  membrane and t h e  c u r r e n t  drawn. The b a r r i e r s  t e s t e d  up t o  now 

have been made o f  s i l i c o n e  rubber  which i s  ve ry  f l e x i b l e  and d i s t e n -  

s i b l e .  A support  i s  needed on b o t h  s i d e s  of  t h i s  t o  provide i t  wi th  

r i g i d i t y  t o  r e t a i n  i t s  shape.  I f  i t  were unsupported,  every change 

i n  p r e s s u r e  would cause i t  t o  d e f l e c t  e i t h e r  inward toward the 

IEM or outward. This  a l lows  t h e  trapped O2 t o  c o n t r a c t  o r  expand 

immediately,  b u t  t h e  c e l l  d o e s n ' t  come t o  equ i l ib r ium.  The t ime 

d e l a y  of t h i s  system i s  ve ry  long i n d i c a t i n g  t h a t  a r i g i d  b a r r i e r  

i s  necessa ry .  

A schematic of t h e  t ime response tes t  se t -up  i s  shown i n  
4 

F i g u r e  30. The two v a l v e s  u t i l i z e d  were quick  opening b a l l  type  

v a l v e s  which were a c t u a t e d  by hand. A series of r u n s  on t h e  type  "H" 

s e n s o r s  wi th  t h e  1 m i l  b a r r i e r  placed over t h e  cathode c o l l e c t o r  and 

suppor ted  on bo th  s i d e s  by 5 m i l '  tantalum sc reen  w e r e  performed. A 

s t e p  change w a s  made from 400 t o  160 mm Hg p02 w i t h  the  s m s o r  output  

recorded  on a Sanborn r e c o r d e r  set a t  1 mm/sec. Response t imes of 

25 t o  32 seconds were recorded f o r  a 62% va lue  of t h e  d e l t a  ou tput  

between 160 and 400 mm Hg pO2. This  t i m e  could be decreased by 

increasing the c u r r e n t ,  Reducing the  load r e s i s t a n c e  sr i n c r e a s i n g  the  

e f f e c t i v e  area of  the  b a r r i e r ,  would irrcrease t h e  c u r r e n t .  The l a & % e r  





approach i s  deemed more d e s i r a b l e  a s  l i n e a r i t y ,  and s t a b i l i t y  - 
are a f f e c t e d  by t h e  load.  

8. 2: When hydrogen i s  produced commercially 

i t  con ta ins  some impur i t i e s .  I n i t i a l  t e s t i n g  was performed wi th  t h e  

hydrogen under a cons tan t  purge s o  t h a t  water and contaminants 

were c a r r i e d  away. This e l iminated  any poss ib le  bui ld-up of impur i t i e s  

on t h e  Hp r e a c t i o n  s i te .  A l l  phase D t e s t i n g  was accomplished with 

t h e  H2 supply dead ended. No evidence of chemical d e b r i s  o r  excess 

w a t e r  occurred except when water bubblers  were i n  use on t h e  hydrogen 

i n l e t .  With t h e  very low c u r r e n t  d e n s i t i e s  i n  e f f e c t  t h e  bui ld-up 

of i m p u r i t i e s  should h o t  be a problem. Examination of t h e  H2 s i d e  

of ion-exchange membranes a f t e r  extended runs showed excessive dry- 

ness. A s  a precaut ion  a g a i n s t  dryoutA a small. doughnut of poly- 

ure thane  w a s  s a t u r a t e d  wi th  d i s t i l l e d  water a n d  i n s e r t e d  i n  t h e  

hydrogen r e s e r v o i r  of t h e  pro to type  u n i t s .  

9 .  2 :  Hydrogen pressure  t e s t i n g  was performed 

e a r l y  i n  t h e  development program t o  e s t a b l i s h  a des ign  p o i n t  f o r  

t h e  Hz p ressu re  r e g u l a t o r .  A p l o t  of H2 pressure  v s  sensor  output 

v o l t a g e  appea r s  i n  Figure 31. It can be seen tha t  sensor  output  

does not f a l l  o f f  u n t i l  t h e  H2  pressure  i s  reduced below 24 inches of 

Bg. ab so lu t e .  Hz pressures above t h i s  value have l i t t l e  effect  on 





t h e  output  sf  t h e  sensor .  Since extremely f i n e  p ressu re  c o n t r o l  

w a s  n o t  necessary ,  a nominal r e g u l a t o r  o u t l e t  pressure  of 15 20.5 p s i a  
- - 

f o r  t h e  hydrogen supply was-designated. A r e l a t i v e l y  low pressure  

was se lec ted  t o  minimize leakage problems m t h e  H '  2 s i d e  of  t h e  ion- 

exchange membrane. 

10. : Since the  ion-exchange membrane con ta ins  50 - 60% water  

by weight i t  w a s  suspected t h a t  humidity would have a s i g n i f i c a n t  

a f f e c t  on sensor  performance. Humidity tests showed t h a t  r e l a t i v e l y  

s t a b l e  output  w a s  achieved a t  r e l a t i v e  humidity l e v e l s  from 20% t o  

80X0 Humidity l e v e l s  below 20% caused t h e  membrane t o  d r y  o u t  and 

i n c r e a s e  t h e  output  vo l t age  s i g n i f i c a n t l y .  A t  16% R.H. (110-70'~) 

t h e  output  s t a r t e d  t o  i n c r e a s e  a f t e r  a period of 2 hours.  The out-  

put  increased a t  a cons tant  rate from- .220 t o  .436 V over a period 

of 1% hours .  It remained at  .436 V f o r  t h e  remainder of  t h e  run 

(5 hours) ,  

Desiccat ion i n d l  l ike l ihood  occurred as a r e s u l t  of  t h e  

extremely d r y  atmosphere. The d r y  hydrogen gas used tended t o  in -  

crease t h e  r a t e  of evaporat ion from the pores of the ion-exchange 

membrane. A t e s t  at 88% R.H. ( 7 3 - 7 0 O ~ )  produced a very gradual  

decrease i n  output f rom .28 l  V t o  .054 V a f t e r  50 hours .  Even 

though t h e  barrier w a s  w i t h i n  . O X 0  of t h e  TEM,trappecl water apparen t ly  



- 
A humidity r u n  of 15 boars a t  50% showed no tendency t o  i n c r e a s e  

o r  decrease  ehe  output  signal. If  humidity v a r i a t i o n s  a r e  ob jec t ion-  

a b l e  below 20% R.H. and above 80% R.H. a des ign  change must be imple- 

mented t o  coun te rac t  t h i s  e f f e c t .  However, between t h e  r e l a t i v e  

humidity ranges  of 20 - 80% t h e  sensor  i s  r e l a t i v e l y  u n s e n s i t i v e  t o  

v a r i a t i o n s  i n  humidity l e v e l s .  Figure 32 shows a photograph o f  t h e  V 

humidity se t -up  u t i l i z e d  f o r  the  above t e s t i n g .  

11. : When O2 i s  mixed with o the r  gases ,  

as i n  a ir ,  i t  i s  theor ized  t h a t  t h e  d i l u e n t  gas  tends t o  block o f f  

a c t i v e  r e a c t i o n  si tes on t h e  ion-exchange membrane causing some 

p o l a r i z a t i o n .  I n  p r a c t i c e  it can be seen t h a t  t h e  sensor  produces 

l e s s  c u r r e n t  f o r  t h e  same p02 when i n  a i r  than when i n  pure  oxygen. 
.-. 

Figure 33 shows a p l o t  of output  v s  t o t a l  pressure  - f o r  va r ious  oxygen 

p a r t i a l  p ressu res .  It can be r e a d i l y  seen t h a t  a s  more d i l u e n t  

gas  (n i t rogen)  i s  added t o  t h e  atmosphere, t h e  sensor output  i s  

reduced. Tests wi th  G O p  produce an  i d e n t i c a l  e f f e c t .  Tne G.E. 

M i s s i l e  and Armament Department has done extensive development work 

on the d i f f u s i o n  of gases  through t h i n  porous membranes. Discussions 

w i t h  t h i s  group subs tan t i a t ed  the f a c t  t h a t  d i f f u s i o n  of oxygen 

through a diLuent  gas  i s  n o t  r a t e  determining.  Their  t e s t i n g  showed 

that  O7 i- pe1-xie3,hiIi-ty coeffi .cients do n o t  vary i n  air o r  in 1.00% 0 
2 

atmospheres, The  f ac t  tha t  the sensor output  i s  Lnwerecl by a 







diluent gas requires the use of different barriers for a single 
8 

gas and multigas atmospheres to achieve maximum sensitivity in both 
- - - - 

cases. A 1 mil barrier gives maximum sensitivity for a multigas 

atmosphere; whereas, a 4 mil barrier is necessary to prevent sat- 

uration in the pure oxygen atmosphere. 

12. : As previously mentioned, the moisture state 

of the IEM affects its output. Irreversible damage takes place 

when the cell dries out completely or partially. It has been 

established that the cell must remain operating at all times at a 

moderate current once it has been started so that moisture is con- 

tinually produced. Thus the sensor can be stored in an operating 

mode by supplying hydrogen either from the reservoir or externally. 

Also the sensor has been designed so *at the IEM insert element 

can be disassembled from the remainder of th&assembly and §.tored 

in distilled water. 

Several tests were performed to prove that sensor performance 

does not deteriorate when stored in distilled water. Storage periods 

ranged from 3 to 6 weeks with no drop-off in sensor output at room 

ambient condifirbons. However, calibration curves could not be dupli- 

cated and varied by 25% at the high end of the curve (p02 = 460 m Ng). 

'This variation exceeds the maximum trimming capability of the prototype 

uniLs,  so thae s e n s o r s  would have to be r eca l i b r a t ed  after p r u k o n g ~ d  

- st orage, 



- 
.The s to rage  -of t h e  ion~exchange  - membrane should be accomplish- 

ed i n  a c lean ,  s e a l e d ,  polyethylene envelope - and s t o r e d  i n  a 

darkened chamber c o n t r o l l e d  at a minimum 90% r e l a t i v e  humidity. 

The membrane i s  s e n s i t i v e  t o  u l t r a v i o l e t  l i g h t  and can be 

a r t i f i c i a l l y  aged by exposure. A l l  components of t h e  c e l l  must 

be completely cleaned be fo re  assembly. P a r t s  t h a t  come i n  

c o n t a c t  with t h e  IEM should be r i n s e d  i n  a 2% s o l u t i o n  of su lphur ic  

acid t o  prevent any hydroxide from coming i n  con tac t  wi th  t h e  

IEM. Any soap on hands, working su r face  of bench, o r  f i x t u r e s ,  

w i l l  d e t e r i o r a t e  t h e  IEM. Rubber gloves washed i n  t h e  a c i d  

s o l u t i o n  a r e  worn when removing t h e  platinum black  from t h e  

perphery of both  s i d e s  of t h e  1 /2  inch-IEM wafer.  A 3 power i l lurni-  

n a t e d  magnifying g l a s s  i s  used as an  a i d ,  wi th  a d i s s e c t i n g  

microscope used f o r  f i n a l  inspec t ion .  Care must be taken t o  

keep t h e  IEM moist  at: a l l  t imes during t h e  scraping  opera t ion .  

The c u r r e n t  c o l l e c t o r s  should be checked f o r  f l a t n e s s ,  pickled 

i n  KC1 f o r  15 - 20 minutes,  and washed i n  d i s t i l l e d  water ,  I n  

b u i l d i n g  up t h e  ce l l ,  the  c o l l e c t o r  lead ou t  w i r e s  a r e  sea led  t o  

the p l e x i g l a s  housing as a precaut ion a g a i n s t  oxygen leakage. 

Bostak #I142 adhesive w a s  used where t h e  tantalum wire protruded 

through t h e  housing. \$%en the barrier is pEacled on the c o l l e c t o r ,  

- t h e  o n l y  path f o r  oxygen t o  get  t o  t h e  ZEM must  be th rough  t h e  



b a r r i e r .  Most t r o u b l e  of t h i s  type can be avoided by 

t i g h t e n i n g  t h e  r e t a i n i n g  nu t  s u f f i c i e n t l y  t o  maintain a good 

s e a l .  
- - 

When a s e n s o r  i s  put  i n t o  opera t ion ,  a break-in per iod  

i s  necessary ( I  day) .  I n i t i a l l y  t h e  ou tpu t  w i l l  drop from open 

c i r c u i t  vo l t age  t o  a very low va lue ,  1 - 2 mv. Afte r  6 - 8 
hours t h e  output  should i n c r e a s e  t o  a nominal value of . I20 V 

w i t h  a 1 m i l  b a r r i e r  and t h e  t r i m  pot set at  a nominal v a l u e  

o f  25 ohms. 

If i t  i s  necessary t o  i n s t a l l  a new ion-exchange membrane, 

t h e  f u e l  c e l l  po r t ion  of  t h e  sensor  must be detached from t h e  Hi 

r e s e r v o i r .  Once th?  sensor  housing i s  removed t h e  p l e x i g l a s  

i n s e r t  can be pushed out  from t h e  sensing end. Care should be 

exerc ised  n o t  t o  harm-the c i r c u i t r y  placed between t h e  i n s e r t  
& 

and t h e  housing. A t e rmina l  screw on t h e  i n s e r t  can be loosened 
i - 

al lowing the c o l l e c t o r  l ead  t o  be pushed up through t h e  h o l e  i n  

t h e  p l e x i g l a s  housing. Only t h e  upper most c o l l e c t o r  need be 

r a i s e d  approximately one ha l f  inch. This w i l l  permit t h e  ion- 

exchange membrane t o  be removed and replaced.  This procedure 

should not  be necessary f o r  s e v e r a l  months unless  dry ing  out  

occurs  . 
The b a r r i e r  c o n s i s t s  of 4 m i l  t h i c k  s i l i c o n e  rubber  f o r  a 

100% oxygen atmosphere and 1 m i l  thick s i l i c o n e  rubber f o r  a two 

gas atmosphere. Keplaceroent of the barrier i s  accompl i s i~ed  by 



removing the  r e t a in ing  n u t  a t  the  sensing end of the sensor.  

The t e f l o n  and v i ton  washers a r e  removed, which w i l l  expose 

the  re ten t ion  screen a i d  b a r r i e r .  Since only a few inches of 

water p e x i s t s  across  the  membrane t h e  b a r r i e r  may be r e -  

moved while the  hydrogen supply i s  at tached.  



I?, SENSOR OFEMTION 
e- 

A. Discussion of Fuel Cell Function 
. - 

Fuel cells are usu~lly tested in the laboratory by applying 

a potential across the terminals of the cell and then observing 

the current which the cell will produce or vice-versa. The instru- 

ment used for this potential-current measurement type of experiment 

is the potentiostat which maintains a given terminal voltage under 

varying current. Most fuel cell data presenely available has been 

gathered in this manner. 

Since the subject cell is to be used as its own source of 

power and is to be run with a load on it, i.e., current being dram, 

the appr-oach taken to determine its voltage-current characteristic 

was to vary a resistance placed across its terminals. This, in 
# 

effect, placed a voltage across the cell, but - in such a way as 

was determined by the equilibrium which the cell maintained between 

its own E-I relationship and Ohm's law. This approach was more 

meaningful, since it was a close approximaticn to the conditions 

under which the cell would be used. 

Once the E-I curve had been plotted, it is usually easy to deter 

mine the range of resistances at which the cell operates under the in- 

fluences of the various po la r i z ing  mechanisms. Since the fuel cell will 

saturate, or reach  a n e a r l y  constant o u t p u t  p o t e n t i a l  a t  very l o w  p a r t 2 2  



pressures  o f  oxygen, i t  i s  necessary t o  make t h e  c e l l  more 
b 

respons ive  t o  changes i n  pOg To do t h i s  the cell was designed 

t o  opera te  under - the  in f luence  of concent ra t ion  p o l a r i z a t i o n .  

I n  order  t o  i n s u r e  t h a t  t h e  c e l l  would opera te  i n  t h i s  c u r r e n t  

l i m i t e d  r e g i s n ,  a mass t r a n s p o r t  b a r r i e r  w a s  used t o  impede t h e  

movement of oxygen t o  t h e  r e a c t i o n  s i te .  The b a r r i e r  s e a l s  

t h e  cathode from atmospheric oxygen and a l s o  t r a p s  t h e  water 

vapor and condensed water  produced i n  t h e  r e a c t i o n  between 

t h e  oxygen and t h e  e l e c t r o d e .  Both t h e  b a r r i e r  and water 

act a s  impediments through which t h e  02 must d i f f u s e .  When 

s u f f i c i e n t  c u r r e n t  is .drawn from t h e c e l l ,  i t  becomes con- 

c e n t r a t i o n  polarized. 

A f t e r  a fuel c e l l  i s  constructed and i t s  opera t ion  begun, 

va r ious  pehnomena can occur which lead t o  undesirable  c e l l  
- 

ou tpu t .  When hydrogen and oxygen are introduced t o  t h e i r  

r e s p e c t i v e  e l e c t r o d e s ,  the  c e l l  should genera te  open c i r c u i t  

vo l t age  whisk i s  i n  t h e  range of one v o l t .  Measured wi th  a 

h igh  impedance vol tmeter ,  t h i s  i n i t i a l  output  should surge t o  

a peak v a l u e  as the gases reach  the  c a t a l y s t  and then should 

remain c o n s t a n t  t h e r e .  Often times, though, t h e  vo l t age  f a l l s  

f r o m  the peak as f a s t  as i t  has r i sen .  This open c i r c u j - t  

polarization i s  of ten  due to impurity currents caused by the 

leakage of either of ehe gases go the  other  e lec t rode .  For  
- 

inseance, if the seal between the H2 and 02 s ides  of the 



membrane was not  secure  and H2 g o t  t o  t h e  O2 s i d e ,  the  

H2 would combine wi th  . - any O2 p r e s e n t  on t h e  n e a r e s t  ca ta -  
- - 

l y t i c  s u r f a c e ,  thus  po la r i z ing  t h i s  a r e a  of t h e  c a t a l y s t .  - 
Since t h e  OCV i s  a funct ion  of t h e  a c t i v e  a r e a  of  t h e  

c a t a l y t i c  su r face ,  t h i s  decrease i n  area c u t s  down t h e  

c e l l  ' s output .  

Also, under c e r t a i n  circumstances,  concent ra t ion  p o l a r i -  

z a t i o n  may occur a t  low vol tages .  This  could be caused by 

some s m a l l  concent ra t ion  of r e a c t i o n  products or  o ther  i m -  

p u r i t i e s  which may coat  or adhere t o  t h e  su r face  of t h e  

e l ec t rode .  The r e a c t a n t s  must be t r anspor ted  through them 

t o  r each  t h e  r e a c t i o n  s i t e .  Impur i t i e s  may a l s o  be adsorbed 

onto t h e  a c t i v e  s i t e s '  of t h e  c a t a l y s t ,  thereby reducing t h e  

a c t i v e  a r e a  and po la r i z ing  t h e  c e l l .  In-any event ,  no t  t o o  

in f requen t ly ,  when a c e l l  i s  i n i t i a l l y  put  i n t o  opera t ion ,  

i t s  OCV i s  much less than expected, A method u s u a l l y  found 

adequate t o  remedy t h i s  s i t u a t i o n  c o n s i s t s  of p u t t i n g  t h e  

cell through a breaking-in pe r iod  i n  which a  high c u r r e n t  

i s  drawn f o r  a s h o r t  per iod of time. This seems t o  burn o f f  

any masking elements and upon i t s  r e t u r n  t o  an unloaded s t a t e ,  

i t s  OCV i s  i n v a r i a b l y  h igher ,  This procedure can be repea ted  

a riurnbcr of t i m e s  u n t i l  a m s x i m t t m  OCV is a t t a i n e d ,  

The usual  E-L curve f o r  t h e  sensor  has an OCV between 



0.95 and 1,055, and initial activation polarization drop to 
* 

0.8 - 0.85 at about 2 or 3 m a . ,  then a gradual IR type drop 
. - 

to 0.4 or 0.5-at 30 ma. afid finally concentration polarization 

takes over. Occasionally, the OCV starts-at 0.8 - 0.85, has 

no activation polarization drop and continues with a slight 

, - IR drop normally through the rest of the curve, Figure 3. 

This means that the cell has been polarized by some means 

and that activation polarization has been masked by some 

oeher mechanism. This can probably be attributed to an in- 

efficiency of the catalyst, contributing to a T & S loss of 
f 

free energy. 

The water produced by the cell is a necessary detriment 

since the membrane must remain moist to maintain its integrity. 
- 

The water which is trapped by the barrier is beneficial in 

this way as well as in the form of a polarizing agent. Its 

evaporation seems to be kept at equilibrium by the barrier 

which will pass water vapor easily, One difficulty 

arises with the formation of later at high currents. Since  

the vapor is produced on the 02 side only, it condenses an 

that side of the electrode starting at the junction of the 

membrane and current collector. The liquid water collects 

around t he  cooler periphery o f  the electrode and covers ehe 

outer exposed edge of the electrode saz r fac~ ,  As more water 



condenses, t h e  covered a r e a  g e t s  l a r g e r  and t h e  exposed 
C 

a c t i v e  a r e a  i s  reduced u n t i l  a p inpoin t  of area i n  the center 

of the  e l e c t r o d e  i s  a l a  - tha t  i s  unshielded.  Because the  

hydrogen s i d e  of t h e  membrane i s  s a t u r a t e d  wi th  IT2 and t h e  

ce l l  i s  producing a r e l a t i v e l y  high c u r r e n t ,  t h i s  one s p o t ,  

being a l l  t h a t  i s  d i r e c t l y  exposed t o  02, produces the  b r u n t  

of t h e  curren$, As  t h e  process  i s  n e a r l y  t o t a l l y  i r r e v e r -  

s i b l e  a t  high ou tpu t s ,  t h e  r e a c t i o n  is no lqnger i so thermal  

and t h e  temperature of t h a t  one s p o t  may rise enough t o  

burn through t h e  membrane. I n  t h i s  case  the  membrane i s  

i r r e p a i r a b l y  damaged, s i n c e  t h e  02 and H2 mix and can burn 

i n  thepresence of the c a t a l y s t .  

The cell .  can be cur ren t  l i m i t e d  n o t  only by s o l i d  and 
/ 

l i q u i d  d i f f u s i o n  media, but a l s o  by gases .  When t h e  c e l l  
- 

i s  operated i n  d r  of a c e r t a i n  p02 i t s  output  i s  Imer than  

i f  it were operated a t  t h e  same pressure  of pure 0 2 '  

B. IlmROGEN CHARGING 

P e r i o d i c a l l y  i t  i s  necessary t o  r ep len i sh  the  hydrogen 

gas in t h e  r e s e r v o i r  of t h e  sensor .  A charging p o r t  wi th  a 

check va lve  i s  incorporated i n  t h e  bottom of t h e - r e s e r v o i r ,  

A charging l i ne  can be a t tached t o  t h i s  f i t t i n g  and hydrogen 

admaritted to 2800 p s i g .  Care should be taken t o  evacuate t h e  

charging Line be2ore zdmitting any hydrogen gas, 



Before o p e r a t i ~ g  the  sensor i t  should be ca l ib ra t ed  

w i t h  t h e  mixture of gases it w i l l  be exposed - to .  I f  oxygen 

and carbon dioxide a r e  t o  be monitored the  p a r t i a l  pressures 

of each gas should be  included i n  t h e  c a l i b r a t i o n  mixture. 

A f t e r  an i n i t i a l  c a l i b r a t i o n  curve i s  obtained the  t r i m  

potentiometer i s  used t o  ad jus t  the  output s igna l  t o  agree 

w i t h  t h e  curve. The t r i m  potentiometer va r i e s  t he  t o t a l  re- 

s i s ~ a n c e  from 65.6 t o  11504 ohms. 



During t h e  development program for the oxygen p a r t i a l  pressure  

sensor  many sBrious -prob-lems w e r e  encountered and resolved.  

Severa l  o t h e r  problems a f f e c t i n g  performance have-been recognized 

b u t  n o t  c o r r e c t e d  due t o  budgetary and schedule l i m i t a t i o n s .  

These problems a r e  o u t l i n e d  i n  t h e  fo l lowing paragraphs and' 

recommendations made for improving o v e r a l l  sensor  performance, 

1. During t h e  course of t h e  development program on the 

oxygen sensor  i t  was evident  that t h e  sensor  ou tpu t  d r i f t e d  

over  long pe r iods  of t i m e ,  i . e . ,  30 days. This d r i f t  w a s  

ev iden t  when p02 vs .  output  curves were obtained on success ive  

days.  The d r i f t  amounted t o  as much as 10% decrease over a 30 

day p e r i o d ,  Var ia t ions  i n  w a t e r  content  a t  t h e  su r face  of  t h e  

ion-exchange membrane r e s u l t  , i n  s i G i f i c a n t  changes i n  d i f f u s i o n  
- 

r a t e s  and m o r e  impor tant ly ,  i n  t h e  conduct iv i ty  of t h e  des icca ted  

p o r t i o n s .  Also i n t e r n a l  r e s i s t a n c e  of t h e  c e l l  can change 

wirh t i m e .  To minimize t h e  above e f f e c t s ,  an increased  load 

resistance could be used; i . e . ,  1000 ohms, which. will o f f e r , t h e  

major res-istsnce i n  the  c e l l  c i r c u i t .  Minor changes i n  water 

content  o r  c e l l  reststance would then have little a f f e c t  on 

t h e  outpue s i g n a l .  

2 .  E l e c t r t ~ a l  leakage as  descri'Liec1 i n  the Phase "D" 

Develo~sine~-ie P r o g l i a ~ ~  h a s  a sigrr i r ' ic ta~? effect on the  r e p c a t a b i l i t y  

a f  the oxygen setlsoz*, Platjnum black renaj.ning i.n the ~Leaaed 



peripheral  area of the  ion-exchange membrane w i l l  cause 
* 

output t o  vary between sensors. Plat i~-~-ain i n i g r a t i ~ n  in to  

t h i s  cleared-area can L k s e  sensor d r i f t .  

Elimination of t h i s  short  c i r c u i t  co1.13-d be achieved by 

having special  "bulls eye" type ion-exchange membranes 

fabr icated by the G. E, Direct  Energy Conversion Organization. 

This would e n t a i l  applying the platinum black only t o  the  

5/16 inch diameter center protion of the l / 2  inch diameter 

membrane, thus eliminating any potent ia l  current leakage 

around the electrodes, 

3. Introduction of nitrogen or any diluent gas in to  an 

oxygen atmosphere decreases sensor output s ignif icant ly .  

This e f fec t  necessitated the use of two thicknesses of b a r r i e r ;  
- 

a b m i l  thtck bar r ie r  for  multigas, and a 4 m i l  thick bar r ie r  
- 

for a LOO% oxygen atmosphere. It i s  hypothisized tha t  the 

di luent  gas blocks off  ac t ive  s i t e s  on the ion-exchange 

membrane thus preventing the molecules of oxygen from taking 

par t  i n  the reaction. This phenomenon should be investigated 

fur ther  t o  resolve whether a l l  gases behave similarly.  Also 

the  e f fec ts  of t race  contaminants should be investigated,  

4. The prototype designs supplied under contract NAS-9-1300 

are by necessity crude i n  comparison t o  an operational ins t ru-  

ment, The sensor could be  simplified by providing a plug-in 
- 

IEM module, so thae replacement would  merely consist o f  



unplugging the  old IEM and s u b a i t u t i n g  a f resh  one. Re- 

l i a b i l i t y  and - ease of -maintenance - would b e  g rea t ly  increased with 

this  modular concept. - 
5.  The p o s s i b i l i t y  of cas t ing  s i l i c o n e  rubber b a r r i e r s  d i r e c t l y  

on t h e  ion-exchange membrane o f f e r s  severa l  a t t r a c t i v e  benef i t s .  

Decreased response time would r e s u l t  from reducing the  volume 

between the  b a r r i e r  and LEM t o  a min imum;  thus el iminating 

any time lag  f o r  t h e  p02 t o  s t a b i l i z e  a f t e r  a s t ep  change t o  

t h e  exposed atmosphere. Another advantage of  t he  i n t e g r a l  

b a r r i e r  IEN i s  the  reduced e f f e c t  of humidity on sensor output. 

Elimination of a volume f o r  water t o  accumulate should reduce 

the e f f e c t  of wacer build-up on t h e  IEN. A t h i r d  advantage 

would be t he  inherent seal ing affgrded by t h i s  approach, 

Oxygen leakage paths could e f f ec t ive ly  be eliminated from the  

sensor.  Preliminary t e s t i n g  has indicated t h a t  blockage of 

a c t i v e  s i t e s  would not be a problem. 

6, It i s  estimated t h a t  t he  volume of the  oxygen sensor 

could be reduced by 40% and the  weight by 50%. Thus, a sensor 

package could be developed which would weigh 8 ounces and f i t  

wi th in  9 cubic inches. 

POST DEVELOPmW TESTING 

P r i o r  t o  t l ~ e  clcELvery of t hc  two proi~ot-ype sensors to t h e  

Hanrled Spacef l ight  Center, it was learned tha t  a joint. A i r  Force ,  



General  E l e c t r i c ,  manned space cabin test w a s  scheduled. for the  
c.I 

later p a r t  of  Augusr. Permission was obtained t o  u t i l i z e  one 

of t h e  NASA oxygen s e n s & ~  as a "back-up" instrument dur ing  

t h i s  t e s t .  Prototype sensor ,  Number 2 ,  was i n s t a l l e d  i n  t h e  

environmental  c o n t r o l  console 1ocated .outs ide  t h e  thermal- 

vacuum chamber. The ECS was connected wi th  the  cabin  through 

two 6" l i n e s .  The atmosphere i n s i d e  t h e  cabin w a s  thus  

c i r c u l a t e d  through t h e  ECS where t h e  gas w a s  cooled; and 

mois ture ,  C o g ,  and odors were removed. Tota l  p ressu re  was 

maintained a t  360 mm Ng with oxygen p a r t i a l  pressure  held a t  

170 25  mm Hg. The c a l i b r a t i o n  curve f o r  t h e  Number 2 sensor  

u t i l i z e d  dur ing  t h e  15 day t e s t  i s  included as Figure 34. 
i 

A l m i l  b a r r i e r  was u t i l i z e d  f o r  t h e  02, N2 and COq gas 
f 

4 

i 
mixture.  Ambient s i g n a l  output  remained a t  . I10 - .I11 f o r  

- 
e i g h t  days p r io r -  t o  the  s t a r t  of t h e  manned t e s t .  For t h e  

first two days of t h e  t e s t ,  sensor  output  c o r r e l a t e d  c l o s e l y  

(+2%) - wi th  t h e  prime O2 sensor .  However output  proceded t o  drop 

on the  third day and continued u n t i l  an output  of ,050 v o l t s  w a s  

achieved.  This output  s tayed cons tant  f o r  t h e  remaining 10 days 

s f  t h e  t e s t .  When the  sensor  was removed from t h e  c a n i s t e r  where 

it had been nlounted i t  was discovered that the  internal  volume of 

t h e  can is te r  wads f i l l e d  with water. App3rent'd.y ice 

accrrs-iulaiing on the evaporator sf the system w a s  blown i n t o  the 





c a n i s t e r  where i t  melted and r e m i n e d .  The r e l a t i v e  

humidity in - the c a n i s t e r  must have approached 100% s o  t h a t  - 
t h e  sensor  b u i l t  up a l a y e r  o f  product water ,  t h i s  reducing - 
t h e  amount of oxygen a v a i l a b l e  t o  t h e  ion-exchange membrane. 

Tes t ing  o f  t h e  pro to type  sensor  i & d i a t e l y  a f t e r  removal 

from t h e  system showed an  i n c r e a s e  i n  output  t o  .I10 vo l t s .  

Monitoring of t h e  p02 sensor  Number 2 was continued November 2, 

1964,  w i t h  t h e  ambient ou tput  s t i l l  holding a t  t h e  . n o - . I 1 6  

v o l t  l e v e l  f o r  a  t o t a l  of 54 days of continuous ope ra t ion .  

At t h i s  t ime t h e  output  v o l t a g e  climbed t o  . I29  v o l t  on 

October 1, 1964, and.175 v o l t  a day l a t e r ,  where upon t h e  

output  ceased .  

Del ivery  of sensor  Number Z to, NASA IQnned Space f l igh t  

Center ,  ~ d u s t o ~ ,  Texas, was made i n i t i a l s y  on August 10 ,  1964. 

Response t o  oxygen w a s  good b u t  a d e f i n i t e  downward d r i f t  

p e r s i s t e d  a t  a l l  oxygen p a r t i a l  p re s su res .  The rate o f  

t h i s  vo leage  drop w a s  approxinlately 2 miL l ivo l t s  per  minute.  

The senso r  was exposed t o  v a r i o u s  oxygen p a r t i a l  p re s su res  

by a t t a c h i n g  i t  t o  a c losed  aluzinum cy l inde r  which w a s  

evacuated and p res su r i zed  t o  any given pO2. Af te r  r e t u r n i n g  

t h e  senso r  t o  GE-Valley Forge t h i s  d r i f t  could n o t  be 

r e p r o d u c e d  w h m  tes ted  in the  convent-ionsl b e l l  jar t e s t  



set-up used previously. . - However, when the cylindrical 
- - 

calibration fixture was tried a definite reduction in output 
- 

was evidenced. An odor was evident from this calibration 

chamber which probably resulted from the acidic acid contained 

in Che RTV silicone adhesive utilized in sealing the chamber. 

It is theorized that this constituent of the adhesive vaporized 

and poisoned the ion-exchange membrane, resulting in a lower 

reading. Subsequent monitoring of the sensor continued 

until December 1, 1964, when sensor Number 1 failed. This 

sensor had low (.010 volts) readings just prior to failure, 

so that a definite mode of failure (high or low output) cannot 

be predicted. Failure analysis on # this sensor showed considerable 

migration of the platinum black to the edge of the membrane. 

This current leak increased until a short circuit existed 

across the electrodes. The P-1 sensor had run continuously 

for 90 days. The hydrogen reservoir was recharged to 1200 psig 

three times during this period. 



1.0 mEOETICAt  CONSIDERATIONS 

An initial study of mass transport and electrochemicar 

processes was undertaken to develop a fundamental understanding 

of the basic design parameters involved in a fuel cell type oxygen 

sensor. The data presented below shows the effect of oxygen 

partial pressure on the polarization of the cathode in an ion- 

exchange type system. 

2.0 BASIC CONCEPT 

A. Description of a Fuel Cell_ 

A -Fuel cell is an electrochemical- energy conversion 

system in which a controlled oxidation-reduction reaction between 

reactants, fed continuously from an external supply, takes place 

in the presence of a catalyst so that the energy change in the 

reaction is released nearly isothermally in the form of an electric 

current instead of heat. This definition applies also to consumable 

electrode cells. The basic components in a fuel cell are oxygen 

or air inlet, fuel inlet, catalytic electrode, electrolyte, current 

collectors and necessary seals* 



According - t o  phys ica l  - chemistry l i t e r a t u r e ,  a f u e l  

ce l l  can be regarded simply as a b i e l e c t r o d e  - system i n  which a 

n e t  rate of ox ida t ion  t akes  p lace  a t  t h e  anode and a n e t z r a t e  of 

r e d u c t i o n  a t  t h e  cathode when t h e  e l ec t rodes  are coupled, r e s u l t i n g  

i n  a f low of e l e c t r o n s  through an e x t e r n a l  r e s i s t a n c e  o r - l o a d .  

In  t h e  p02 sensor  t h e  f u e l  used i s  hydrogen. Ignoring any i n t e r -  

mediate  r e a c t i o n s  which t ake  p lace  as t h e  i o n s  pass  i n t o  s o l u t i o n  

and are t ranspor ted  through t h e  e l e c t r o l y t e ,  t h e  r e a c t i o n s  a t  

each  e l e c t r o d e  are as follows: ( 2 )  

at  t h e  anode 

a ZN, 
- 

r e l e a s i n g  i o n s  which pass  through t h e  e l e c t r o l y t e  t o  t h e  cathode 

and e l e c t r o n s  which are picked up from t h e  anode, pass through 

t h e  load and reappear  a t  t h e  cathode. 

A t  the cathode 

producing water as the end product of t he  react ions .  



The o v e r - a l l  r e a c t i o n  in- the  c e l l  r ep resen t ing  t h e  corn- 

B ina t ion  ok t h e  h a l f  c e l l  - - r e a c t i o n s  i s  
- - 

T h e  above d e f i n i t i o n s  f o r  anode and cathode can be seen t o  

be t h e  reverse of common e l e c t r i c a l  engineering terminology i n  which 

c u r r e n t  f low i s  oppos i te  t o  e l e c t r o n  flow. I n  EE terminology, t h e  

hydrogen s i d e  would be t h e  cathode (-1 and the  oxygen s i d e ,  the  

anode (f). The cathode i s ,  by d e f i n i t i o n ,  a source of e l e c t r o n s .  

From an  e x t e r n a l  load looking a t  a f u e l  c e l l ,  t h e  e l e c t r o n s  are 

suppl ied  from t h e  hydrogen s i d e  which makes t h a t  e l e c t r o d e  t h e  

cathode.  I n t e r n a l l y ,  t h e  hydrogen %sees t h e  e l e c t r o d e  as a s ink  
- 

f o r  e l e c t r o n s ,  thereby making i t  t h e  anode. 

B. E l e c t r o  Chemical Background. 

Various thermodynamic formulae can be used t o  d e s c r i b e  

and p r e d i c t  t h e  performance of a  f u e l  c e l l .  Faraday defined t h e  

e q u i v a l e n t  weight of a substance as i t s  molecular wedght divided 

by the number of charges i t  bears  when ionized (valence) .  He found 

t h a t  t h e  amount of e l e c t r i c i t y  used o r  produced i n  an e lec t rochemica l  

reacri-on i s  p r o p o r t i o n a l  to the number of equiva lent  weights of 

the substance involved i n  the  r e a c t i o n ,  



m u s  F a r a d a y b  Law can be. s 2x3 t h e  equat ion  

where I i s  c u r r e n t  i n  amperes, t i s  t i m e ,  Q i s  q u a n t i t y  of e l e c t r i c  

charge  i n  coulombs, m i s  t h e  weight of substance involved, M i s  

molecular  weight of t h e  substance,  Z t h e  number of charges on t h e  

i o n ,  and F i s  t h e  cons tant  of p r o p o r t i o n a l i t y  c a l l e d  Faraday's con- 

s t a n t .  (3)  

The amount of energy which can be l i b e r a t e d  by a chemical 

r e a c t i o n  a t  any p a r t i c u l a r  temperature,  c a l l e d  t h e  Gibbs Free 

Energy, i s  given by t h e  expression - 

This  simply s t a t e s  t h a t  t h e  change i n  f r e e  energy must 

equa l  t h e  corresponding change i n  hea t  content  l e s s  t h e  h e a t  exchanged 

w i t h  the surroundings f o r  a r e v e r s i b l e ,  i so thermal ,  i s o b a r i c  r e a c t i o n .  

The T A S  t e r m  i n  t h e  case of hydrogenad oxygen r e p r e s e n t s  a l o s s  

which reduces t h e  maximum t h e o r e t i c a l  e f f i c i e n c y  t o  83% when l i q u i d  

t47atcr at 2.5"~ i s  the p r o d u c t ,  (2) 



For homogeneous-gas - - reactions, that is, reactions taking 

place entirely between gaseous products and - reactants, a good approx- 

imation in many cases is to consider that the gases obey the ideal 
I 

gas laws. 

For a chemical reaction between ideal gases - 

where is the Stoichiometric number of moles of a product 

and . is the number of moles of reactant, and is the 

individual partial pressure of each substance. (3) 

For an ideal gas, 
4 

the ratio of the partial pressure at the 

state under consideration to the partial pressure at an arbitrary 

standard state is called the activity, 

It can be seen that if we define the standard state as one 

atmosphere, the activity becomes equal to the partial pressure at 

the sisate i ~ i  q u e s t i o n ,  



e- 

For the generalized reaction e b j  %GaelD the 
equilibrium constant, K; -is defined by 

where 4 are the individual partial pressures. Then it can 

be shown that 

Therefore, 
4 

which is valid f o r  a reaction in equilibrium. 

If n equivalents of reactant are converted to products 

and the electrons released pass through an external metallic 

circuit between a positive cell EMF, E ,  the eLect&al work 

done on the cell is -nFE. It can then be shown that this 

work i s  equa l  t o  the free energy change of the r e a c t i o n ,  ( 4 )  



Using t h i s  r e l a t i o n  i n  equat ion (11) t h e  equi l ibr ium 

r e v e r s i b l e  (open c i r c u i t )  c e l l  v o l t a g e  can be obtained as 

which i s  a form of t h e  Nernst eqraalsion. 

Using t h i s  r e l a t i o n s h i p  t h e  t h e o r e t i c a l  open c i r c u i t  
/ 0 

v o l t a g e  f o r  a hydrogen-oxygen r e a c t i o n  producing - l i q u i d  H20 a t  25 C 

i s  1.23 v o l t s .  At: open c i r c u i t ,  when no c u r r e n t  is drawn from t h e  

c e l l ,  the p o t e n t i a l  developed a c r o s s  t h e  c e l l  i s  equal  t o  t h e  

p o t e n t i a l  corresponding t o  t h e  r e v e r s i b l e  f r e e  energy change i n  

t ransforming r e a c t a n t  t o  product.  A s  cu r ren t  i s  drawn from tte 

c e l l  t h e  p o t e n t i a l  across  t h e  c e l l  begins t o  f a l l .  P a r t  of t h e  

energy used t o  maintain open c i r c u i t  vo l t age  i s  now expended i n  

moving the e l e c t r o n s  involved i n  t h e  r e a c t i o n  through t h e  c i r c u i t .  

The reaceion, therefore ,  can proceed only as fast  a s  the  e x t e r n a l  

resistance w i l l  a l l o w  the  c u r r e n t  t o  flow with O h m ' s  Laer app ly ing .  



e 

mis l o s s  of p o t e n t i a l  i s  ternled p o l a r i z a t i o n  and i s  

represented  m a ~ h e m a t i c a l i ~  as 
- 

where E i s  t h e  r e v e r s i b l e  emf and E is t h a t  em£ which exists 
r 

a c r o s s  t h e  cell .  P o l a r i z a t i o n  i s  a func t ion  of t h e  c u r r e n t  drawn 

from t h e  c e l l  and t h e r e f o r e  can be expressed i n  terms of t h e  r e -  

s i s t a n c e  i n  t h e  e x t e r n a l  c i r c u i t .  Depending upon t h e  p r o p e r t i e s  of 

t h e  i n d i v i d u a l  s e l l  and t h e  amount of c u r r e n t  drawn, var ious  mech- 

anisms can c o n t r o l  p o l a r i z a t i o n .  I n  each case  t h e  p o l a r i z i n g  mech- 

anism i s  the r a t e - c o n t r o l l i n g  mechanism of t h e  r eac t ion .  

The output  c h a r a c t e r i s t i c  of a c e l l ,  i t s  vol tage-current  

r e l a t i o n ,  (E-I curve) i s  dependent upon e l e o t r ~ c h e m i c ~ l  k i n e t i c s  

and mass t r a n s p o r t  wi th in  t h e  c e l l .  The concept of e l e c t r o d e  

k i n e t i c s  can be used t o  expla in  why a c e I l  i s  polar ized  when a 

c u r r e n t  i s  drawn. 

C. K i n e t i c  Theory of Ce l l  Operation 

mere are t h r e e  major phenomena t o  which t h e  l o s s  of 

c e l l  p o t e n t i a l  has  been a t t r i b u t e d ,  i.e., a c t i v a t i o n  p o l a r i z a t i o n ,  

c e l l  r e s i s t a n c e ,  and concent ra t ion  p o l a r i z a t i o n .  Act iva t ion  p o l a r i -  

za l ion r e su l t s  from the s:lowness nf chemical and e%_ectrschen~ical 



r e a c t i o n s  a t  the given condit ions,-  A t  room temperature,  hydrogen 

and oxygen would combine - - t o  form w a t e r  a t  an i n f i n i t e s s i r n a l l y  - 
e 

slow r a t e  i f  j u s t  mixed together .  Energy must be added t o  t h e  
- 

system i n  o rde r  f o r  the r e a c t i o n  t o  occur.  This a c t i v a t i o n  energy 

can be suppl ied by h e a t  o r  by a c a t a l y t i c  agent .  The c a t a l y s t ,  

which can be platinum i n  t h e  case  of hydrogen and oxygen, se rves  

as an a c c e l e r a t o r  f o r  t h e  r e a c t i o n  so t h a t  it w i l l  proceed r e l a t i v e l y  

r a p i d l y  a t  room temperatures.  But t h e r e  i s  no guarantee t h a t  t h e  

substances w i l l  combine a t  a rate s u f f i c i e n t  t o  produce t h e  t h e o r e t i c a l  

f r e e  energy p o t e n t i a l  a t  t h e  e l ec t rode .  A s  t h e  vo l t age  i s  decreased 

from t h e  i d e a l  equi l ibr ium value  (open c i r c u i t ) ,  t h e  r e a c t i o n  r a t e  i s  

increased  and produces a measureable c u r r e n t ,  A t  equi l ibr ium con- 

d i t i o n s  a very minute &dchange cur ren t  - flows through the  c e l l  and 

t h e  f r e e  energy of  t h e  r e a c t i o n  i s  used t o  maintain the p o t e n t i a l  

a c r o s s  t h e  e l e c t r o d e s .  The maximum vo l t age  produced by the c e l l  

depends on the f r e e  energy change of t h e  r e a c t i o n  which depends upon 

t h e  concent ra t ions  of t h e  r e a c t a n t s  and products. 

The c e l l  r e s i s t a n c e  or  PR poI.arization of t h e  c e l l  depends 

l a r g e l y  upon t h e  mobi l i ty  of t h e  ions  formed and e l e c t r o n s  r e l e a s e d  

a t  t h e  e l e c t r o d e s  and t h e i r  a b i l i t y  t o  t r a v e r s e  t h e  d i s t a n c e  from 

elaeir en t rance  t o  t h e  c e l l  t o  a r e a c t i o n  s i t e .  Mkjor c o n t r i b u t o r s  

I 1  t o  t h i s  I n t e r n a l  Resistancet'  of the cell are the conduct5-vity of 

t h e  e l e c t r o l y t e  and the contact resistance between the c u r r e n t  

coLlectors and the ekectrodes,  



When h igh  c u r r e n t s  a r e  d f a m  from t h e  c e l l ,  t h e  t h i r d  

cause  of p a l a r i z a t i o n ,  - concent ra t ion  - p o l a r i z a t i o n  becomes t h e  

c o n t r o l l i n g  process .  Since a r e a c t i o n  can - occur only as f a s t  as 

t h e  r e a c t a n r s  a r e  fed  t o  t h e  r e a c t i o n  s i te  and t h e  products are 

c l e a r e d  away, l i m i t a t i o n s  on t h e  phys ica l  movement of  t h e  f u e l  

and oxidant  r e s t r i c t  t h e  inc rease  of r e a c t i o n  rate. A t y p i c a l  

vo l t age -cur ren t  p l o t  f o r  a f u e l  c e l l ,  i l l u s t r a t i n g  t h e  types of 

po la r i za t i cm,  p l o t t e d  on l i n e a r  coordina tes ,  i s  shown i n  Figure 15A. 

1, Open C i r c u i t  Voltage 

Let us cons ider  an  e l e c t r o d e  which i s  brought i n  

c o n t a c t  with an e l e c t r o l y t e  and which has absorbed on i t s  su r face  

one of the r e a c t a n t s  t o  be used i n  t h e  c e l l .  Assume t h e  over-all 

r e a c t i o n  to  be: a A f b ~ + C  xX +-yY 3- nx 

A ,  B, C, etc. ,  a r e  atoms, molecules o r  a c t i v e  su r face  sites. 

Under open c i r c u i t  equi l ibr ium condict ions t h e  sum 

t h e  c u r r e n t s  a s soc ia ted  wi th  t h e  reduct ion  s i d e  of t h e  r e a c t i o n s  

must equal  t h e  sum of t h e  c u r r e n t s  a s soc ia ted  with t h e  ox ida t ion  

s i d e  of t h e  r e a c t i o n s  of each e lec t rode .  Since t h e  system under 

c o n s i d e r a t i o n  has  only  one redox r e a c t i o n ,  t h e  r e a c t i o n  r a t e s  f o r  

each e l e c t a ~ o d e  can be expressed as c u r r e n t s ,  

(cathode) (16)  

( a n d  e) 



where i n d i c a t e s  reduct ion  and i n d i c a t e s  ox ida t ion ,  and 2 
oa 

a n d 2  are termed - the-exchange - c u r r e n t s  f o r  each r e a c t i o n  occurr ing  

a t  t h e  two e lec t rodes .  - 

A s  t h e  ox ida t ion  reduct ion  r e a c t i o n s  proceed a t  each 

e l e c t r o d e ,  e l e c t r o n s  b u i l d  up on its surface .  Eventual ly  t h e  e l ec t rons  

s t a b i l i z e  wi th  t h e  p o s i t i v e  ions  i n  t h e  e l e c t r o l y t e  t o  produce the  

s i n g l e  c e l l  p o t e n t i a l ,  (OCV) . There e x i s t s  a p o t e n t i a l  d i f f e r e n t e .  

between t h e  molecular l a y e r  of  e l e c t r o l y t e  ad jacent  t o  t h e  e l e c t r o d e ,  

termed t h e  p lane  of c l o s e s t  approach, and t h e  su r face  of t h e  e lec t rode .  

I f  t h e  e l e c t r o d e  i s  f r e e l y  conducting, t h e  v o l t a g e  change ac ross  t h e  

double l a y e r  can be 'considered as made up of a  sec t ion ,  Y , across  

t h e  plane of c l o s e s t  approach and a  s e c t i o n ,  fi, which extends i n t o  

t h e  d i f f u s e  p a r t  of t h e '  e l e c t r o l y t e . _  Thus + = E ,  t h e  

p o t e n t i a l  a t  t h e e l e c t r o d e .  

2. Act iva t ion  P o l a r i z a t i o n  (4 )  

The rate of r e a c t i o n s  r e q u i r i n g  apprec iable  a c t i v a t i o n  

energy can be p red ic ted ,  us ing  Eyring 's  abso lu te  r a t e  equat ions 

where /&+ i s  the  ra te  of forward reac t ion  (e lec t rode  t o  e l e c t r o l y t e ) ,  

(A) and fB) are the ac t iv i t i es  of reactants,  and C i s  the  concentrat ion 

of n reactant which deterniincs t h e  u n i t s  of the rate of reaction. 



+ CI 

r e i s  the activity coefficient of the activated intemediate 

and d&$ is the trunciietl standard state free energy - of 

- activation. 

This rate theory assumes that the reaction occurs-by 

the formation of an activated complex from the reactants. The 

rate of reaction is the rate at which the complex multiples 

transform to a complex which is in equilibrium with the. 

products. The reaction would be 

-4- 
C-!- (activated surface complex). 

The forward reaction rate can be written 

e 

The rate of the back reaction would be 

&& is the standard state free energy change of the  reaction 

from left to right per gm. mole of C. One of the activities must 

be a surface activity (catalyst). 

From eq. (12) it follows that a change in a free 

energy change is given by 



and t h e r e f o r e  t h e  ex i s t ence  of a vo l t age  g rad ien t  a c r o s s  t h e  c e l l  

changes t h e  r e l a t i v e  s t andard - s t a t e  - f r e e  energy l e v e l s  of any 

r e a c t a n t  o r  product which c a r r i e s  a charge. 
- 

- 

It can be shown t h a t  f o r  a r e a c t i o n  t ak ing  p lace  i n  a 

p o t e n t i a l  f i e l d ,  t h e  rate can be expressed as: 
. 

and 

where 1 i s  t h e  f r a c t i o n  of f r e e  energy change caused by the  f i e l d  

Y , by t h e  time t h e  a c t i v a t e d  in termedia te  complex i s  formed, 

Considering a h a l f - c e l l  r e a c t i o n  and de f in ing  a c t i v a t i o n  

p o l a r i z a t i o n  as = E r  - E (14),  where E i s  t h e  r e v e r s i b l e  p o t e n t i a l ,  
r 

t h e  r e a c t i o n  from l e f t  t o  r i g h t  i s  aided by l - o ~ ~ e r  E ,  where Er and E 

are defined as changes from t h e  e l e c t r o d e  t o  t h e  e l e c t r o l y t e .  Then, 

using;  



where (R) and (P) are t h e  a c t i v i t i e s  of r eac t an t s  and products 

r a i s e d  t o  t h e  appropr ia te  - plo lecu la r i t i e s .  - 
Subst i tu t ing:  

and considering t h e  cur ren t  dens i ty  i n  t h e  forward d i r e c t i o n  t o  

t h e  cur ren t  dens i t y  produced is; 

To s impl i fy  t h i s  equat ion,  an exchange cu r r en t ,  I, i s  
M 

defined a s  the r a t e  of r eac t ion  per  u n i t  area - i n  each d i r e c t i o n  at 

T W O .  equi l ibr ium,  



can now be considered the f r a c t i o n  of p o l a r i z a t i o n  t h a t  E". z 
a i d s  t h e  cuxrpnt i n  t h e - d i r e c t i o n  considered,  and Z i s  - 

Ps: 
t h e  f r a c t i o n  which r e t a r d s  t h e  back r e a c t i o n .  - 

When Q i s  very small, t h e  exponent ia ls  can be 

expanded and h igher  powers of & kF&/gP neglected , 

-- - Z ' P 7 F n / ~ r  (28) 

When 4% i s  l a r g e ,  t h e  back r e a c t i o n  i s  i n s i g n i f i c a n t  and 

t h e  forward r e a c t i o n  i s  predominant. Therefore,  

and 

- which can be m i t t e n  a s  

i n  t e r m s  of po la r i zed  p o t e n t i a l ,  E ,  ac ross  t h e  c e l l ,  where EO i s  

the  open c i r c u i t  vo l t age  and I. i s  tk exchange c u r r e n t  (no t  cu r ren t  

dens i ty )  a t  open c i r c u i t .  This  i s  termed t h e  TafeL equat ion.  It 

must be remembered t h a t  t h e s e  equat ions are f o r  half c e l l  r e a c t i o n s .  

To ge t  t h e  equat ion descr ib ing  a c t i v a t i o n  p o l a r i z a t i o n  ac ross  the  

whole cell, the po ten t ia l s  of the electrodes must be sub t rac ted .  

Using the reversible p o t e n t i a l  difference between tile half ce l l s  
- 



a t  s tandard  state EOc, as t h e  s tanzard  s t a t e  OCV of t h e  c e l l ,  

t h e  ternkina1 vo-Itage ET can be expressed as, 

where s u b s c r i p t s  c and a r e f e r  t o  cathode and anode. Greene 

and ~reene ' ' )  def ined  a t e r m ,  t h e  c e l l  c u r r e n t  cons tant ,  IcC, 

evalua ted  a t  E T = E i n  t h e  above equation. .Then ET could be 
OC 

expressed i n  terms of I,, t o  give: 

where : 
w 

and 8@ i s  equal  t o  t h e  sum of t h e  va lues  of  the i n d i v i d u a l  

e l e c t r o d e  T a f e l  s lopes  



and i s  t o  be ca l l ed  the  c e l l  voltage constant .  This,  the re fore ,  

i s  an equation pf the  form - of a Tafe l  equation which can be used 

t o  given the  current-voltage r e l a t i o n  of a - f u l l  L x e l  c e l l .  Figure 1 1 - 2  

shows t h e  general  shape of Eq. (33) on l i n e a r  coordinates.  

3. I n t e r n a l  Resistance 

Pola r iza t ion  of a  t o t a l  c e l l  i s  the  sum of the  ha l f  

c e l l  e f f e c t s ,  considered above, and the  ohmic.polarizat ione 

This l a t t e r  e f f e c t  dea l s  l a rge ly  with t he  conductivity of the  

e l e c t r o l y t e  and t h e  connections between e lect rodes  and s e t e r i n g  

devices.  I n  the  e l e c t r o l y t e ,  the  res i s tance  i s  embodied i n  t he  

manner i n  which a  charged p a r t i c l e  can move through an e l e c t r i c  

f i e l d .  The simplest  re la t ionsh ip  i s  d i r e c t  l i n e a r i t y  

I n t e r n a l  res i s tance  i s  usually the  rate cont ro l l ing  

e f f e c t  through the  range of moderate current  production, from the  

T a f e l  e f f e c t  region of ac t iva t ion  polar iza t ion t o  the  concentration 

po la r iza t ion  region. The c e l l  of i n t e r e s t  f o r  the  pO 2 sensor has a 

l o w  in terna l  resislance and a d d i t i o n a l  c i r c u i t  resistance ccn be 

- eli-minated by p r o p e r l y  securing the  cur ren t  co l lec tors  t o  the 

e lect rode surfaces, 





4 .  Mass Transport  Effect-Concentrat ion Or P o l a r i z a t i o n  

Fuel  c e l l s  which use l i q u i d  e l e c t r o l y t e s  as conducticg 
. - 

media involve  problems ass'ociated wi th  t h e  t r a n s p o r t  of r e a c t a n t  

through t h e  e l e c t r o l y t e  t o  t h e  r e a c t i o n  sl'te which g ives  r ise  t o  

i o n i c  concen t ra t ion  g r a d i e n t s  i n  t h e  e l e c t r o l y t e .  The exact  s o l u t i o n  

t o  t h e  mass t r a n s p o r t  problem i s  usua l ly  impossible t o  perform, 

g e n e r a l l y  involv ing  t h e  s o l u t i o n  of t h e  Navier-Stokes equat ion 

al lowing f o r  e l e c t r i c a l  f o r c e s .  An approximate s o l u t i o n  can be 

obtained by assuming t h a t  t h e  i o n s  £011-ow a r e l a t i o n s h i p  similar 

t o  F i c k ' s  l a w  which s t a t e s  t h a r  t h e  d i f f u s i o n  r a t e  i s  propor t ional  

t o  t h e  concent ra t ion .  g rad ien t  and inver se ly  p ropor t iona l  t o  t h e  

th ickness  ave r  which t h e  g rad ien t  extends.  

'This l i n e  of reasoning can be pursued f u r t h e r  and an 

expression w i l l  be  obtained which desc r ibes  t h e  f i n a l  p o r t i o n  of 

t h e  p o l a r i z a t i o n  curve,  t h e  cu r ren t  l i m i t i n g  region.  But i n  t h e  

cel l  being d i scussed  he re  a s l i g h t l y  d i f f e r e n t  approach i s  needed, 

even though t h e  r e s u l t  i s  s i m i l a r .  The c e l l  under d i scuss ion  does 

not have a l i q u i d  e l e c t r o l y t e  but  r a t h e r  a s o l i d  organic  membrane 

se rves  as the i o n i c  pa th .  E l e c t r o l y t e  concent ra t ion  g rad ien t s  are 

@he nature of the 



i t s e l f  and because i t  i s  on t h e  o rde r  of a f e w  m i l l i - i n c h e s  thick, 

presen t ing  a v e r y  - s h o r t  - p a t h  .. - t o  t h e  ions .  Concentration p o l a r i z a t i o n  

becomes rate determining only  a t  very h igh  - c u r r e n t  d e n s i t i e s ,  when 

a problem arises i n  connection wi th  t h e  t r a n s p o r t a t i o n  of t h e  

r e a c t a n t s  t o  t h e  e l e c t r o d e s  from ou t s ide  t h e  c e l l .  This  occurs  when 

air  i s  used as t h e  oxidant  and t h e  oyxgen must d i f f u s e  through t h e  

n i t rogen.  Also,  when t h e  water produced accumulates i n  a f i l m  on 

t h e  su r face  of t h e  c a t a l y s t ,  t h e  oxygen must d i f f u s e  through it t o  be 

adsorbed. 

For t h i s  c a s e ,  assuming Ficks '  l a w  t o  hold ,  t h e  r a t e  

of d i f f u s i o n  of t h e  r e a c t a n t s  t o  t h e  a c t i v e  su r face  i s  given by 

Deff i ~ _  t h e  e f f e c t i v e  d i f f u s i o n  

c o e f f i c i e n t ,  CB and CS are r e a c t a n t  bulk su r face  concent ra t ions  and 

& i s  t h e  f i l m  th ickness .  Assuming t h a t  everything t h a t  g e t s  

t o  t h e  s u r f a c e  t akes  p a r t  i n  t h e  r e a c t i o n ,  then  t h e  c u r r e n t  d e n s i t y  

w i l l  be 

The maximum ra te  a t  which cur ren t  w i l l  be produced is 

given when CS tends t o  zero a t  steady stake 



whereZL i s  t hg  l i m i t i n g  c u r r e n t  dens i ty .  Then t h e  current a t  

less than  the l i m i t i n g  case w i l l  be: - 

s i n c e  

Using eq. (27) modified t o  t a k e  i n t o  account a con- 

c e n t r a t i o n  g rad ien t :  

and assuming product  accumulation i s  no t  detri-mental  t o  t h e  r e a c t i o n  

Assuming a f i r s t  order reaction, a = 1. 

Examining the s i t u a t i o n  i n  which the reaction. is 

irreversible and the back r e a c t i o n  s i g n i f i e d  by the term on the r i g h t  

hand s i d e ,  above, is ~ l e g l i g i b l e  ( & 4- $ ) it can be S ~ O ' I Q L ~  (4) 

thae: : 



where n i s  t h e  p o l a r i z a t i o n  of t h e  ba l£  c e l l  due t o  a c t i v a t i o n  

and concen t ra t ion  p o l a r i z a t i o n .  Using s f r  - Q t o  f i n d  t h e  

t e rmina l  v o l t a g e  of t h e  c e l l  and t h e  previous d e f i n i t i o n  o f  Ioc, 

This  equat ion when p l o t t e d  g ives  t h e  usua l  T a f e l  form 

a t  low i and t h e  c u r r e n t  l i m i t e d  drop i n  E T a t  h igh  c u r r e n t s  a s  

shown by F i g ,  (3) @ 

I n  t h e  case  of t h e  pO 2 sensor ,  - where gas d i f f u s i o n  

t o  t h e  e l e c t r o d e s  i s  t h e  main cur ren t  l i m i t i n g  n~echanism, t h e  con- 

c e n t r a t i o n s ,  C, i n  equat ion  (38) through (41) can be  replaced  by 

p a r t i a l  p ressu res .  

A complete form of t h e  equat ion f o r  t h e  p o l a r i z a t i o n  

curve would a l s o  inc lude  t h e  o h d c  losses .  Assuming t h e  p o l a r i z a t i o n  

i s  a l i n e a r  funct ion  of t h e  c u r r e n t ,  the I R  term can be added t o  

t h e  po l a r i za t i on  expression and t h e  eqrlation f o r  te rminal  v o l t a g e  

becomes 



E a ~ h  te.rm this equati8n becomes predominant over a 

j - -  certain range of - - 
- - 

- 
5. Polarizing Effects 

Impurities in the reactants can- produce two pronounced 

effects. One is by reacting with each other and producing currents 

which tend to polarize the cell's output. The second is to block 

off the active sites on the catalytic surface.by being strongly 

chemisorbed thereby interfering with the main reactions. 

: Assume that an impurity exists in very small amounts 

and is producing a current associated with its own redox couple. 

If its exchange current is high conspared to the cell's exchange 

current it will produce q marked polarization of the cell. Since 

the concentration of impurity is low and its - exchange current is 

high, it will react in a diffusion limited manner over most of the 
e 

voltage range. If &z is the impurity current density, the 
0 

measured current density fh is : 

since tt.m currents 02' s imf1a . r  tnagnitde exist at- the same voltage. 

mans : 



e &n FA/ kaP 
A t  open c i r c u i t ,  fh= o and -&I= I ar-p ( 4  

and a l a r g e  p o ~ a r i z a t i o n  k e s u l t s  even though no c u r r e n t  i s  drawn 

through the  e x t e r n a l  c i r c u i t .  I f  w e  a r e  i n v e s t i g a t i n g  a r e a c t i o n  

w i t h  a .low exchange cur ren t  I ,  we w i l l  n o t  ge t  t h e  i d e a l  r e v e r s i b l e  

p o t e n t i a l  a t  open c i r c u i t  un less  t h e  system has been s u f f i c i e n t l y  

p u r i f i e d  t o  make smal l  compared t o  I. 

An example which a p p l i e s  t o . t h e  case  Ln p o i n t  i s  t h a t  

of oxygen g e t t i n g  t o  t h e  hydrogen s i d e  of t h e  membrane and v isa-versa .  

Small eddy c u r r e n t s  a r e  produced on one s i d e  of t h e  c e l l  s i n c e  t h e  

presence of b o t h  r e a c t a n t s  and the c a t a l y s t  provides fav.orable 

condi t ions  f o r  s i d e  reac t ions .  The p o t e n t i a l  a s soc ia ted  wi th  t h e  

c u r r e n t  produced tends t o  genera te  a s i z e a b l e  reduction i n  c e l l  
# 

output .  I f  enough of t h e  r e a c t a n t s  e x i s t  on t h e  s a m e  s i d e  of t h e  
- 

c e l l ,  combustion 6-a~ even occur,  r e s u l t i n g  i n  i r r e v e r s i b l e  ce l l  

Electrechemical reactions usua l ly  proceed via  a c t i v e  

surface sites on t h e  e l ec t rode .  Whenever gas i s  p a r t  of t h e  r e a c t i o n  

system a t  least t w o  consecut ive steps t r a n s p i r e :  gas  absorpt ion  - 
desorpt ion  and the electrochemical reaction. It i s  generally accepted 

tha t  when gas  is used at an electrode the process of t r ans fe r r ing  an 

electron to or from the surface Lowes the gas i n  a chemisorbed 

ri n state on rile surface. Lae i n i l ucnc r :  of the adsc~rpt i i~r~-i ;esolapt ion 



rates of the  c a t a l y s t  on the  po la r iza t ion  depends upon t h e i r  
- - - - 

r e l a t i v e  magnitudes a s  compared with t he  react ion r a t e  of t h e  c e l l .  

I f  adsorption i s  f a s t  i t  doesn' t become a con t ro l l i ng  f a c t o r  and 

i t s  r a t e  i s  not  appreciably changed by .po ten t ia l  changes or 

pressure  var ia t ions .  Large cur ren ts  r e s u l t ,  surface  coverage i s  

almost constant  and polar iza t ion i s  a function mainly of the  e lec t ro -  

chemical react ion.  The surface coverage of the  c a t a l y s t  i s  i t s  

e f f e c t i v e  a c t i v i t y  i n  i on i c  discharge reac t ions  and there fore  

t h e  r a t e s  of adsorption-desorption can a f f e c t  t h e  po la r iza t ion  

r e l a t i o n s .  

Let us assume t h a t  t he  c e l l  i n  which we a r e  i n t e r e s t ed  

has e lec t rodes  with a c a t a l y s t  t h a t  has a f a s t  adsorption-desorption 

r a t e  and i s  always a t  a s t a t e  near equilibrium. - For the  hydrogen 

e lec t rode  i n  an acid  e l e c t r o l y t e  the  reac t ions  can be represented 

where (M) is a chemisorbed atom. L e t  Cm be the  m x i m ~ ~ m  ntxtnber of 

act ive  absorption si tes  p e r  cm2 of surface i n  gm moles. Then 

equation (26) and ( 2 7 )  



where : 

I- @I 4"kC R )  
can be written in the form, 

where if. 3 h c , and 9' stands for: 

8 

The activities (K) and (P) will contain terms involving chemisorbed 

surface .concentrations. 

An expression relating 4 the amount of catalytic surface 
i 
L area covered to the pressure and equilibrium - constant, termed 

Langmuir's isotherm, is written 

, 

where Be is the fractional degree of coverage and activities 

can be taken as 81% since at staneard state, surface coverage is assume. 

at Q = %, The concentration of chemisorbed species is then B * 
ern 

The standard state free energy related to chemisorption 

can be expressed as 



It can be shorn that - the  influence of the f r e e  
I 
1 

energy of chemiscrption on the  reac t ion  i s  contained purely i n  
I 

I 
i t h e  e f f e c t  it has on B and 1-8. Also, exchange current  dens i ty  i - 

for metals wi th  the  same a c t i v e  a rea  and number of a c t i v e  sites 

w i l l  vary a s  a funct ion of t2 and 1-8 and therefore  rvith t h e  

standard state f r e e  energy. The r e l a t i onsh ip  between exchange 

cu r r en t  and f r e e  energy i s  logarithmic, of t h e  form: 

! 
i This expression p lo t ted  out shows t h a t  t he  maximum 

exchange cur ren t  occurs h e n  the  surface has a zero energy of chemi- 

sorption. Weak chernisorption occurs when d Foe has a h igh  pos i t ive  

value  and there fore  i t  i s  harder f o r  the  gas t o  be chemisorbed. 

t 
I 

Since the re  i s  very l i t t l e  gas on the  surface ,  the  reac t ion  i s  
! 

slowed. A highly negative 4 F O c  causes strong chelnisorption i n  
' I  I 

which gas can e a s i l y  adhere t o  the surface. The surface i s  e a s i l y  

sa turated but- the gas i s  held too strongly t o  r e a c t ,  thus causing 

a low reaction rzte* 

Thus, a good catalyst: i s  one. whhich has a & F,, I , near 

zero. Tila catalysg worou:Ld react fast  end no t  be the rate deteroining 

- process. 



6 .  Effect of PO, .G on CePT Output 

Variation - of 0 partial pressure has a definite - 2 
i - .  effect on the voltage output of the fuel cell - and upon the current- 

r -  voltage curve. Under equilibrium conditions, at open circuit, the 
i 

Nernst equation can be used to describe the variation of voltage output 
f 

with pO2. i . 

In experiments using flat plate and porous electrodes 
f ' 

1 .  in an alkaline electrolyte, Harmer, Vertes, Medina and Oswin found 

the polarization decreases in a non-linear fashion as p02 increased. ( 5 )  
I - 

Their studies were performed on cells operated at current densities 
i 

# 

i A sufficiently high to cause concentration polarization - to be the 

I rate limiting process. The resistance to the mass transport of 0 2 
L 

( I  
through the liquid electrolyte to the reaction zone caused this 

I C  polarization. Using the relationship expressing current in the 
0 

concentration polarized region as J s  ~ p l ~ f i ,  - ~~v~ equation 39 
* I 

above, and concentration polarization as 



from equa t ion  (40 ) ;  it can be  seen P a drop i n  concent ra t ion  p o l a r i z a t i o n  

may be  obta ined  by i n c r e a s i n g  l i m i t i n g  c u r r e n t .  This can be accomp- 
. - 

l i s h e d  by i n c r e a s i n g  D, t he -d i f fus ion  cons tan t ,  by inc reas ing  temp- 

erature; decreas ing  $ through a g i t a t i o n  or inc reas ing  CL. Keeping 

t h e  f i rs t  t w o  cons tan t  and varying C1, t h e  p o l a r i z a t i o n  ix terms of 

p02 w a s  found t o  be of t h e  form 

7 
a t  c o n s t a n t  c u r r e n t .  Assuming t h a t  the  c a t a l y t i c  a c t i v a t i o n  e f f e c t  

was n e g l i g i b l e ,  they found t h a t  t h e  c u r r e n t  i n  t h e  concent ra t ion  e 

4 
p o l a r i z a t i o n  region  i s  a func t ion  of (p02) t h a t  i s  zp, ~ k ~ b ,  $a 
where A i s  0.5. Normalizing, 

which i s  based on t h e i r  experimental  r e s u l t s .  

There a r e  two poss ib le  mechanisms which could exist  

i n  t h e  event t h a t  concent ra t ion  p o l a r i z a t i o n  i s  the r a t e  l i m i t i n g  

p rocess .  The f i r s t  i s  l i q u i d  phase d i f f u s i o n  of d isso lved  oxygen, 

the o t h e r  i s  in te rphase  mass t r a n s f e r  of oxygen from t h e  gas i n t o  

t h e  l i q u i d  phase.  Should ord inary  d i f f u s i o n  i n  the l i q u i d  phase 

be the r a t e  c o n t r o l l i n g  s t e p ,  and t h e  l i q u i d  su r face  i n  con tac t  

wirh the gas i s  s a tu r a t ed  with 0 2 ,  the  cur ren t  ~ m u l d  vary l i n e a r l y  

with p02 a t  V - C. Since tile r e l a t i o n s t l i p  Lourid was a funcrion of 



5 0 

i (,$I2) 2 ,  pure diffusion $ a s  eliminated as being the mass transfer 

E 
rate c o n t r s k l h g  s t e p  i n - t h e s e  experiments,  

i 
I These r e s u l t s  i l l u s t r a t e  the - fac t  t h a t  t h e  output  

t of a f u e l  ce l l  does vary with  pO 
S 2 ' 

To g e t  an  i n s i g h t  i n t o  t h e  dependence of E on pO 
1 2 

equat ions  (13), ( 2 6 ) ,  ( 3 4 ) ,  and (45) can be combined and expanded 

! t o  g i v e  
i 

t 
i e 
i This  r e l a t e s  Et t o  Z and p 0 2  It i s  t h e  equat ion fo r  t h e  family 

of E-1 curves run  a t  v a r i o u s  pO 
2 ' 

If t h e  c e l l  is operated w i t h  a r e s i s t o r  a c r o s s  i t s  
?L 

terminals the above equat ion can be modif ied  t o  y i e l d :  

wilich i n  khr; gr~ieral. oqua t j~un  f o r  any iiT v s  1 3 0 ~  curve  f o r  rhe c e l l ,  



Since the cell will be - operated in the current limited 

region this equation can . be - simplified to: 

which applies only to concentration polarized cells. This gives 

an insight into the general logarithmic shape to be expected in 

the ET v s  p02 curve at constant R L o  This equation should apply 

to this development. 



APPENDIX B 

DETAILED DRAWINGS AND PARTS LIST 

PARTIAL PRESSUP\E: OXYGEN SENSOR 
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Component Specification For A - Hydrogen Pressure 

Regulating Valve and Reservoir 

1.0 - This specification establishes the design.and 

fabrication of an integral regulating valve and 

reservoir, for use with pure hydrogen gas. 

3.0 

3.1 Inlet Pressure - 20 to 2000 psig @70°y 

3.1.1 Proof Pressure - 3200 psig @110'~ 

3.1.2 Burst Pressure - 4300 psig @ILO'F 



Amendment k 
March 24, 1964 

Outlee Pressure - The regulated outlet pressure shall be 

adjustable from 12 to 17 psia with a holding tolerance of 

+0.5 psi. This adjustment feature need not be accessible. - 
Flow Rate - Valve shall be designed for a maximum flow 

-- 
rate of 0.13 Sec/Min., hydrogen gas. 

3.4 Relief Valve - A relief valve shall-be positioned on the 

regulating valve discharge. This valve will crack at 

25 - 4-5 psig and shall be capable of flowing 0.25 Scc/Min. 

minimum. 

3.5 Storage Reservoir - The reservoir shall be designed to 

, hold 0.5 grams of hydrogen gas at 2000 psig and 70'~. 

3.6 Temperature Range - 35'~ to 1109. 
\ 

3.7 Envelope - The size of the valve and ;eservo&r shall not 

exceed 13.8 cubic inches, Detail mounting requirements 

will be negotiated at a future date. 

3.8 Weight - The weight of the valve and reservoir assembly 

, ces , shall not exceed 10 ouxq. 

4.0 Protective Treatment - When any materials utilized are 

subject to det.erioration due to environmental conditions, 

they shall he suitably protected. The use of any coatings 

that might c raqc l c ,  chip o r  scale dial1 be avo-ided. 



Amendment A 
L 

C March 24, 1964 

i 
g 5.0 - This valve and reservoir shall be designed to 

meet the general requirements of MIL-E-5727C although 

no qualification test shall be performed. 

I 5.1 Interface - The GE Regulator Vendor interface shall con- 

s i s t  of 1%-12-VNF-2A thread. Depth shall be controlled 

between 0.275 and 0,30 inches. 

5,2 Unit shall be designed to opeuzte in any arbitrary attitude. 

6.0 Acceptance Tests - The 20:.tc;~Lng acceptance tests shall 

be performed on each unit shipped in the order stated. 
4 

General Electric personnel shall have the right to witness 

these tests at the vendor' s facility. 

6,1 Proof Pressure Test - With outlet port capped the unit 

shall be pressurized to 3500 psig at room ambient con- 

d i t i o n s .  

6,2 Performance Test - With the reservoir charged to 2000 psi 

the regulator shall demonstrate stability by holding the 

out%eE; p r e s s u r e  to 14.5 - 4-0.5 p s i a ,  'Ibis test shall be re- 

pea ted  wekrh the r e se rvdr  charged to 20 ps i& This performance 

$:ha11 be demonstrated i n  any a r b i t r a r y  attitude selected. 



i 6 . 3  Rel i e f  Valve Performance T e s t  - The o u t l e t  p r e s s u r e  s h a l l  

be a r t i f i c i a l l y  r a i s e d  u n t i l  the r e l i e f  v a l v e  c racks  a t  

25 - +3 p s i g .  

& 

i 6.4 Leakage T e s t  - With t h e  r e s e r v o i r  charged t o  2000 p s i g  
i 

and t h e  o u t l e t  p o r t  capped e x t e r n a l  l eakage  s h a l l  n o t  

exceed 1 x c c / s e c  a t  room temperature .  Tes t  gas  i s  

o p t i o n a l .  


